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Abstract 
Avocado trees (Persea americana) affected by Phytophthora root rot caused by Phytophthora 
cinnamomi produce copious amounts of small, poor quality fruit and without intervention, affected 
trees eventually die. Current management practices involve an integrated approach to disease 
management, including planting on well-draining soil with a high total cation exchange capacity, 
application of organic mulch, carefully monitored organic and inorganic nutrition, phosphonate 
applications and the use of tolerant rootstock varieties. Selection of rootstocks in breeding programs 
is a time consuming process involving extensive glasshouse and field screening but little is 
understood about the mechanisms underlying tolerance in elite selections. The overall aim of the 
research described in this thesis was to identify phenotypic differences across a range of avocado 
rootstock varieties with varying degrees of resistance/ susceptibility that may be associated with 
known field susceptibility.  
 
The first hypothesis tested in this thesis is that field resistant rootstock varieties have greater root 
regenerative ability than susceptible varieties. This hypothesis was tested using a glasshouse study 
of inherent root growth of seedlings as well as an inoculation study to investigate root system health 
and wilting in response to infection by P. cinnamomi. To investigate whether inherent root growth 
correlates with known field susceptibility of seedling rootstock varieties, a 2-pot root regeneration 
system was successfully developed and varietal differences in root: shoot ratio across nine seedling 
avocado varieties assessed. Seedling ‘Hass’ produced the greatest amount of feeder roots relative to 
the surface area of mature leaves, although overall differences between seedling varieties were not 
significant. The main finding of the glasshouse root growth studies was that there were no strong 
indications that inherent root growth and root system necrosis correlated with known field 
susceptibility.  
 
The second hypothesis tested was whether increased surface feeder root growth of mature trees and 
other tree physiology attributes such as stored non-structural starch, yield, tree health and growth 
measurements such as tree height and canopy volume have any association with known field 
susceptibility. At one experimental site, feeder root growth of mature trees measured over two 
seasons was not significantly different between rootstocks ‘Dusa’ and ‘SHSR-04’ and no significant 
differences or associations were found in stored starch, tree health, yield or tree growth parameters. 
At the second experimental site, there were also no significant differences detected in feeder root 
growth of rootstock varieties. Significant differences in tree physiology were detected among 
rootstocks with ‘Velvick’ having the strongest determinate vegetative growth measured and the 
highest level of stored non-structural starch, although it wasn’t significantly higher than field-
susceptible ‘Reed’. Overall, results of field studies at both sites indicated that there was no evidence 
that increased feeder root growth or tree physiology attributes were associated with known field 
resistance. To investigate whether the anti-oomycete compound Mefenoxam had a localised effect 
on P. cinnamomi in the soil that manifested as increased surface feeder root growth, it was applied 
to half of the root window sites. Mefenoxam application had site-specific effects. 
 
The third area of investigation involved testing if there were differences in disease lesion length and 
extension of P. cinnamomi hyphae within tip-inoculated feeder roots of the susceptible ‘Reed’ and 
resistant ‘Velvick’ varieties. The response of ‘Velvick’ was more rapid than ‘Reed’ as lesion 
lengths of inoculated ‘Velvick’ roots were significantly longer than ‘Reed’ at 72 and 96 hpi. 
Margins between necrotic and healthy tissue were significantly more likely to be distinct in 
inoculated ‘Reed’ roots than ‘Velvick’. Results of the PCR assay showed that P. cinnamomi was 
detected further ahead of the lesion front in ‘Reed’ than ‘Velvick’ but the difference was not 
significant. Results indicated that significant differences in host response were observed between 
tip-inoculated ‘Velvick’ and ‘Reed’ roots, but differences in pathogen extension through host tissue 
were not significant.  
 
The main findings of this thesis were that seedling ‘Hass’ had the most root growth relative to the 
surface area of mature leaves. In both glasshouse studies using seedlings and in the field, root 
regenerative ability does not appear to be a significant mechanism of tolerance/ resistance to 
Phytophthora root rot. Rootstock differences in physiology parameters of mature trees were not 
associated with known field resistance. Also, in an inoculation study, significant physiological 
differences were observed between tip-inoculated ‘Reed’ and ‘Velvick’ root tissue in terms of 
disease lesion length and margin with healthy tissue. Results of the inoculation study indicate that 
restriction of P. cinnamomi growth through root tissue does not appear to be an effective resistance 
response for the field-resistant ‘Velvick’.   
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Thesis Chapter 1. Literature review 
1.1 The Avocado  
1.1.1 Origin & taxonomy  
Avocado (Persea americana Mill.) is an economically important species within the Lauraceae 
family, which contains some of the oldest known flowering plants (Scora et al., 2002). There are 
over 80 species within the genus Persea, in the subgenera Persea and Eriodaphne, most of which 
have small inedible fruit. Within the subgenus Persea are three recognised species, P. schiedeana 
Nees, P. parvifolia Williams, and the edible species, P. americana Mill. Avocado is endemic to the 
rainforests of Central America, with a centre of origin extending from Eastern and Central Mexico, 
across Guatemala to the west coast of Central America (Smith, 1966, Storey et al., 1986). 
Archaeological evidence in Mexico suggests that consumption and selection of avocado has been 
occurring for approximately 8000 years (Smith, 1966). Studies of seed remnants dating from 4000-
3500 BC, and 3500-1400 BC indicate that increased fruit size was selected for by the native peoples 
of the Moche Valley in Peru (Pozorski, 1976). Prior to the arrival of Columbus in 1492, avocado 
was grown and traded in Central America, and had been introduced into northern South America 
(Towle, 1951). The word ‘avocado’ is an anglicised version of the Spanish word ‘aguacate’, derived 
from the native Nahuatl word ‘ahuacatl’, meaning ‘testicle’. 
 
1.1.2 Avocado varieties 
Persea americana is the only commercial edible crop species within the family Lauraceae. Broadly 
speaking, there are three ecological races of avocado, var. americana Mill. “West Indian”, var. 
guatemalensis Williams “Guatemalan”, and var. drymifolia “Mexican”. (Schlecht. and Cham.) 
Recently, several other wild botanical varieties have been described, such as var. steyermakii and 
var. nubigena (Ben-Ya'acov & Barrientos, 2003). The West Indian race was given its name 
incorrectly, as it more likely originated along the Central American West Coast, from Guatemala to 
Panama (Knight, 2002, Storey et al., 1986). The three ecological races of avocado have been 
hypothesised to share a common ancestor (Storey et al., 1986), as there is extensive hybridisation 
between the ecological races and they have the same chromosome number (2n = 24) (Scora et al., 
2002). However, they are each a distinct biotype with distinguishing characteristics. The table 
below presents typical characteristics of the three races of avocado. 
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Table 1.1. Distinctive characteristics of the three ecological races of Persea americana 
(modified from Lahav & Lavi (2002)) 
 
Race 
 
Mexican Guatemalan West Indian 
Cold tolerance high intermediate low 
Salinity tolerance low intermediate high 
Anise-scented leaves  Yes (usually) no no 
Leaf size small medium - large large 
Leaf colour green green pale green 
Time of fruit maturity summer-autumn winter-spring summer-autumn 
Fruit size small medium-large medium-large 
Fruit skin texture thin & smooth  tough & pebbled  thin & smooth  
Fruit skin colour usually purple black or green pale green/maroon 
Oil content high medium - high low 
Seed tightness in 
cavity 
often loose tight often loose 
    
The ecological races are geographic ecotypes, possessing distinctive adaptations for their native 
environments. The Mexican and Guatemalan races evolved in elevated rainforests. They and their 
hybrids are suited to many warm and cool subtropical climates, forming the basis of avocado 
industries of semi-tropical, subtropical and tropical highland countries, such as Mexico, Guatemala, 
and Kenya, for example. Avocado of the West Indian race originated in tropical lowlands, and is 
suited for growth in hotter and drier areas that have more seasonal rainfall patterns but high relative 
humidity (Wolstenholme, 2013). Due to the lack of barriers to inter-racial hybridisation, trees of 
different races grown in close proximity readily hybridise, resulting in increased genetic diversity 
and environmental plasticity (Schaffer et al., 2013). Many commercial varieties of avocado are 
hybrids, generated from extensive outcrossing and backcrossing. For example, the dominant variety 
in the world is ‘Hass’, which is predominantly Guatemalan, but has some Mexican background. 
‘Fuerte’ is also a Mexican x Guatemalan hybrid (Crane et al., 2013). Ease of hybridisation has aided 
selective breeding for desirable agronomic traits such as improved taste, increased fruit size and 
tolerance to salinity and Phytophthora root rot (Ashworth & Clegg, 2003, Davis et al., 1998). 
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1.1.3. Physiology & botany 
Avocado fruit are oily, energy-rich and highly nutritious. Avocado flesh may contain 20% oil, 6% 
carbohydrate and 2% protein by weight. Fatty acid composition varies across cultivars, but oleic 
acid is always highest, followed by palmitic and linoleic acids (Mazliak, 1965). Avocado flesh is an 
important source of carotene, niacin, pantothenic acid, pyroxidine, riboflavin and thiamine. To a 
lesser extent, ascorbic and folic acids, biotin, tocopherol and vitamin K are also present (Ahmed & 
Barmore, 1980). The avocado seed is large, sensitive to dehydration, and adapted to germination in 
a low-light forest environment. Wild avocado is believed to have evolved with large dispersal 
agents, the now-extinct megafauna of neotropical Central American forests. Glyptodonts, 
mastodons (forest elephants), giant ground sloths and other dispersers swallowed avocado fruit 
whole, depositing the seed in fertile dung piles away from the parent tree (Janzen & Martin, 1982). 
The seed germinates in a low-light forest floor environment and initially, all growth is driven by the 
carbohydrate store in the seed. The large-leafed seedlings can persist in “idling mode” for a long 
time until a gap in the forest canopy appears (Wolstenholme & Whiley, 1999). At that point, the 
photosynthetic rate increases and rapid growth occurs, in order for the plant to take its place in the 
forest canopy. Forest soils to which the avocado adapted were quick-draining and very acidic, with 
pH ranging from 3.5 to 5.5 (Ben-Ya'acov & Michelson, 1995). For growers, specific recommended 
pH for avocado soils varies according to soil type and growing region (Wolstenholme, 2002) but the 
general recommendation is between 5.0 and 7.0 (Samson, 1986). A layer of organic matter is 
essential in order to provide a rich, well-aerated microbial environment, provide nutrients, maintain 
a high water-holding capacity and protect the shallow feeder root system from desiccation 
(Wolstenholme, 2013). The detritus layer also provides a buffer zone to protect the sensitive root 
system from atmospheric changes (Gregoriou & Kumar, 1984). Avocado trees are susceptible to 
frost, but Mexican varieties have greater tolerance for low temperatures.  
 
Unlike most dicotyledonous plant species, avocado roots lack root hairs. Instead, fleshy white 
feeder roots that range in diameter from 1 to 3 mm take up nutrients from the soil and decaying 
organic matter. Avocado trees are shallow rooted, but root distribution is dependent on soil type. In 
deep, well-drained soils, roots can grow as deep as 1.2. – 1.5 m, with the majority of root 
proliferation occurring in the top 60 cm. Roots can reach much greater depths in well-drained sandy 
soils or under a restricted water supply (Lahav et al., 2013). West Indian and Guatemalan avocado 
trees can be very tall, particularly when growing in native rainforests where they can reach 30 m, 
whilst Mexican trees only reach 15 m.  Avocado flowers are hermaphroditic, possessing both male 
and female organs, but protogynous, i.e. the pistil can receive pollen before the anthers release their 
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own pollen. Avocados possess an adaptation to increase levels of cross-pollination and genetic 
diversity. Over a two-day period, the flowers open twice for several hours each. During the first 
opening the flowers are functionally female, and during the second opening, flowers are 
functionally male.  Cultivars are classified into one of two groups: flowers of ‘Group A’ cultivars 
have a female opening in the morning of Day one, and a male opening in the afternoon of Day two. 
‘Group B’ flowers have the female opening in the afternoon of Day one and the male opening the 
following morning (Lahav & Gazit, 1995). High levels of cross-pollination can result in a large 
degree of phenotypic variation among seedlings derived from a single parent tree. For these reasons, 
elite seedling selections must be vegetatively propagated to obtain uniformity in commercial 
orchards. Depending on the parent cross, sexual maturity i.e. commencement of flowering may not 
be reached until a tree is 15 years old (Gazit & Degani, 2002), but some trees may begin flowering 
after just two years (Lavi et al., 1992).  
 
1.1.4. Dissemination & production 
The first documented account of the avocado was made by the Spanish Conquistador Martin 
Fernandez de Encisco in 1519, who observed a tree growing near Santa Marta, Colombia (Zentmyer 
& Schieber, 1987). The Conquistadores brought the avocado back to the Old World (Spain) in the 
16th Century, and introduced it to the Caribbean and then the Philippines after the Isthmus of 
Panama was crossed by Vasco Núñez de Balboa in 1513 (Storey et al., 1986). West Indian race 
avocados were directly introduced from Central America to South East Asia by the Portuguese 
(Schroeder, 1982). Global avocado trade and production was generally small-scale up until the early 
20th century. The first large-scale commercial plantations were established after the introduction of 
the Mexican cultivar ‘Fuerte’ into California in 1911. Since then, avocado has become a globally 
important fruit crop, grown on every continent except Antarctica. In 2012, the top five avocado-
producing nations were Mexico, Indonesia, the Dominican Republic, the USA and Columbia 
respectively (FAOSTAT, 2014). Total Mexican yield was 1.3 million tonnes (t). In comparison, 
Australian production was 49 000 t. Avocados were first brought to Australia in the 19th century by 
the Kamerunga State Nursery in Queensland (Whiley, 1982). Avocado farming was viewed as a 
high-risk venture, as crops were highly susceptible to field and postharvest disease. Although the 
Australian avocado industry is relatively small on the global stage, it has expanded rapidly in recent 
years, growing 150% in total production between 1997 and 2012 (Avocados Australia, 2010, 2012). 
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1.1.5. Phenology 
Phenology is defined as the relationship between climate and periodic biological phenomena 
(Whiley & Wolstenholme, 1989). Understanding phenology and assimilate partitioning of the 
avocado is important for avocado growers and orchard managers, in order to maximise yield and 
minimise problems such as alternate or biennial bearing. In mature avocado trees, shoot and root 
growth take place in flushes that are influenced by seasonal/climatic changes throughout the year 
(Whiley, 1994). The first simple model of avocado fruit development was developed by Kotze 
(1979) in relation to fertiliser application. Wolstenholme (1981) further developed the model to 
include a speculative discussion of competitive interactions between fruit, shoots and roots, and 
Scholefield (1985) studied shoot growth, bud initiation and yield in relation to seasonal stored 
starch levels in the main branches. The first comprehensive study of avocado phenology/physiology 
was carried out by Whiley et al. (1988), who developed a cultivar- and site-specific model of tree 
physiology events over a growing season. The article also advised avocado growers on how to 
develop their own phenological models in order to coincide management practices with orchard-
specific data on timing of bud initiation, fruit development and vegetative and root flushes. A 
variety of factors influence root growth, including the presence of the minerals calcium, magnesium 
and boron (Wolstenholme, 1981). Other factors include rootstock variety, soil type, season, 
irrigation method and applied water volume (Salgado & Cautín, 2008). Another key determinant of 
root growth is temperature, with significant root growth occurring at temperatures above 18 °C 
(Whiley et al., 1988). Under subtropical Australian growing conditions, avocado undergoes two 
shoot flushes per year (Whiley, 1994, Schaffer et al., 2013). Additional shoot flushes may occur 
under more stressful environmental conditions (Salazar-García et al., 2006, Whiley et al., 2013).  
 
1.1.6. Cultivation 
Planting density of avocado orchards is influenced by agro-economic and environmental factors. 
Although the costs of crop management practices and tree removal are less for lower density 
plantings, they have lower yields during the first few production years (Newett et al., 2001). 
Moreover, trees will generally grow larger and have poorer fruit quality (Hofshi, 1999). Most 
modern avocado orchards are planted at medium to high densities (spacings of 6 x 4 m to 9 x 7 m) 
(Whiley et al., 2013). The country that has best implemented high density plantings is Chile. Trees 
are planted at a density of 3 x 3 m or 2.5 x 2.5 m. Growing conditions are conducive to high early 
productivity, with a cool Mediterranean climate that reduces tree vigour (vegetative growth), and 
low Phytophthora pressure due to dry climatic conditions. Planting on hills maximises light 
interception and photosynthetic efficiency, while allowing free drainage. Shallow soils and rainfall 
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only in winter months further restrict root growth and therefore tree vigour (Gardiazabal & Mena, 
2011). At harvest, labour costs of small, high density plantings are low, but tree size and shape must 
be carefully managed.  
 
Depending on the rootstock, grafting generally has a dwarfing effect on tree height (Lahav & Lavi, 
2013), which is usually restricted to 5 – 7 m in orchards, facilitating the ease of harvesting and 
management. Numerous factors influence orchard layout for a particular site, such as cultivar, 
topography and pruning regimes. Compared to crops like apple and orange, avocado yield is usually 
low and irregular, being roughly 12 – 15 tonnes per hectare (t ha-1) in semi-arid subtropical 
conditions and 20 – 25 t ha-1 in humid subtropical conditions (Wolstenholme & Whiley, 1995). 
High density Chilean plantings can achieve yields of up to 40 t ha-1, but such high yields are 
difficult to maintain over the long-term (Gardiazabal & Mena, 2011). Because avocado originated 
in a neotropical rainforest environment, water availability is a key factor that influences fruit 
quality, yield and tree growth. Careful development and management of irrigation is required to 
optimise these parameters (Lahav et al., 2013).  
 
Cultivars of the three ecological races have different flowering times. Mexican trees may flower 
from late autumn to spring, Mexican x Guatemalan hybrids during winter to early spring, West 
Indian cultivars in the early spring and Guatemalan from mid-spring. Due to production in different 
growing areas, avocados are available all year-round in Australia, but peak production occurs 
during winter. The ‘Hass’ cultivar (predominately Guatemalan), constituted 82% of avocados 
grown in Australia during 2011. ‘Shepard’ (predominately Mexican) avocados were the next most 
abundant, comprising 12% of total production (Avocados Australia, 2012). ‘Reed’, ‘Sharwil’ and 
‘Fuerte’ are other popular cultivars grown in Australia. The most successful rootstocks in Australia 
are those of the Guatemalan race or West Indian/Guatemalan hybrids (Whiley, pers. comm.)  
 
1.1.7. Propagation  
Seedling rootstocks result from germinated seeds onto which the desired scion variety is grafted. 
These trees have genetically different rootstocks and are therefore non-uniform in physiology and 
susceptibility to abiotic and biotic stresses. Seedling rootstocks may be hardier than clonal 
rootstocks during the establishment phase if environmental stress and defoliation occurs (Rose, 
2003). Also, seedling rootstock production is less arduous and more economical, so it is still 
commonly used in most avocado-producing countries (Ernst et al., 2013). Ideally, seedling 
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rootstocks must be derived from isolated (self-pollinated) trees as progeny derived from outcrossing 
and sexual recombination may lack desired traits (Crane et al., 2013). 
  
From the early 1970’s, the technique for clonal rootstock propagation has evolved to improve the 
efficiency of large-scale production. ‘The Frolich technique’ was developed by Frolich and Platt 
(1951), which involves etiolation of a selected rootstock grafted to a nurse seed. After etiolation and 
foliation, a fruiting scion is grafted to the rootstock sprout, and roots are initiated above the lower 
graft union. The Ernst Microcloning technique (Ernst, 1999) is commonly used today, and is a 
variant of Frolich’s technique. The Ernst version involves fitting microcontainers with rooting 
medium over the rooting zone of the etiolated shoot. The main benefit is increased sanitation, by 
allowing a buffer zone between the upper and lower root systems. 
 
Clonal rootstocks are genetically uniform, thereby allowing for simpler management practices. Yet, 
the grafting process is laborious, expensive, and time taken for establishment in the field is longer 
(Whiley et al., 1990). Under standard management practices, clonal rootstocks have greater 
consistency of yield (Whiley & Whiley, 2005). Clonal rootstocks selections with high tolerance to 
Phytophthora root rot are recommended for sites with high disease pressure. Whiley & Whiley 
(2011) recommend that proven seedling rootstocks be planted for new sites, but resistant clonal 
selections be used for replant sites. In Australia, new plantings of clonal rootstocks have increased 
from 2% in 1995 (Ben-Ya'acov & Michelson, 1995) to approximately 15% in recent years (Noguera 
et al., 2011). 
 
1.2. Phytophthora root rot 
 1.2.1. History and distribution 
Phytophthora root rot of avocado first became a problem in the 1920’s in California (Zentmyer, 
1980). At the time it was called avocado decline, and thought to be a disorder caused by an abiotic 
factor such as waterlogging, poor aeration or high nitrite levels. Phytophthora cinnamomi was first 
successfully isolated and identified from avocado roots in Puerto Rico in 1927 and from California 
in 1942 (Tucker, 1929, Zentmyer & Thorn, 1967). Over the next few decades, the work of George 
Zentmyer comprehensively confirmed the pathogenicity of P. cinnamomi (Zentmyer, 1961a, 
Zentmyer & Klotz, 1947). At present, Phytophthora root rot is the most serious disease of avocado 
in the world. In conjunction with an unusually wet year in 1974, the disease caused the loss of over 
50% of avocado trees in Queensland (Pegg & Giblin, 2008).  
8 
 
1.2.2. Disease symptoms 
The first symptoms of Phytophthora root rot are necrotic lesions on feeder roots (Fig. 1.1a), which 
can lead to the eventual destruction of the entire feeder root system. Usually, large woody roots 
remain unaffected (Zentmyer, 1980). Secondary above-ground symptoms of the disease resemble 
those of drought, due to reduced water and nutrient uptake. These symptoms are often not observed 
until a substantial portion of the root system has been affected. Affected trees experience a ‘decline’ 
in health, and have small, chlorotic, wilted and sparse leaves with limited new growth (Fig 1.1b). 
Trees also commonly have numerous small fruit due to the girdling effect of root destruction, 
thereby restricting carbohydrates to above-ground tree parts (Zentmyer, 1980). P. cinnamomi can 
also be associated with trunk canker and collar rot of avocado (Fig. 1.1c) (Eskalen, 2011). Trunk 
canker is characterised by the presence of dark brown patches on the lower trunk and large roots 
that exude a red resin containing large amounts of a C7 sugar (mannoketoheptulose) that dries to a 
white powder (Dann et al., 2013).  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1.  Symptoms of Phytophthora root rot of avocado caused by Phytophthora cinnamomi.    
a: symptoms on feeder roots, b: tree with sparse and chlorotic foliage, c: collar rot of the trunk. 
b c 
a 
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1.2.3. Disease management 
The Australian avocado industry has rapidly expanded in size over recent decades, mainly due to 
successful implementation of integrated Phytophthora root rot management (Coffey, 1987, Gazit & 
Degani, 2002, Wolstenholme & Sheard, 2010). The components of this strategy have been 
developed over the past 60 years, with the aim of allowing successful avocado production on sites 
that have P. cinnamomi present. Integrated management involves planting on soils that have a high 
total cation exchange capacity, selection of sites with good drainage, usage of root rot tolerant 
rootstocks, maintenance of soil calcium levels with gypsum, application of well aerated organic 
woody mulches, and the use of phosphonate trunk injections, foliar sprays or soil drenches as a 
means of systemic control (Pegg et al., 1985). Planting on mounds or ridges is another measure to 
reduce temporary soil saturation and ensuring that soil is friable and well-aerated (Dann et al., 
2013).  
 
1.3. Phytophthora cinnamomi 
1.3.1. Taxonomy, distribution & host range 
Phytophthora cinnamomi is an oomycete or water mould within the kingdom Chromalveolata 
(Keeling, 2009), formerly known as Chromista (Williams, 1991), phylum Heterokontophyta 
(Stramenopila). All heterokonts have a motile stage of the life cycle, with zoospores possessing two 
dissimilar flagellae (Barr, 1992, Cavalier-Smith, 1986). Oomycetes were classified as fungi until 
they were discovered to be structurally, biochemically and genetically closer to golden brown algae 
(Gunderson et al., 1987). There are many aspects in which oomycetes differ from fungi. Oomycete 
cell walls are mostly based on cellulose instead of chitin, hyphae are aseptate, and there are also 
differences in the tryptophan and lysine biosynthetic pathways (reviewed in Hardham et al. (1994)). 
Along with Pythium spp. and five other genera (Cystosiphon, Diasporangium, Lagenidium, 
Myzocytium and Trachysphaera), Phytophthora is classified within the family Pythiaceae. Pythium 
species may be saprophytes or pathogens of plants or animals (Zanette et al., 2013), whereas 
Phytophthora species are primarily pathogenic to plants, although some species can persist 
saprophytically (Erwin & Ribeiro, 1996).   
 
Phytophthora cinnamomi was first isolated and characterised from cinnamon trees (Cinnamomum 
burmanni) in 1922 on the west coast highlands of Sumatra (Rands, 1922). Since then, P. cinnamomi 
has been recognised as a prevalent plant pathogen globally, and is now estimated to affect in excess 
of 3500 plant species (Hardham & Blackman, 2010), including native vegetation and economically 
important horticultural species. For instance, it causes ink disease of chestnut (Castanea sativa) 
10 
 
from Northern Scotland to the Mediterranean (Vettraino et al., 2005), and oak (Quercus spp.) 
decline in Southern Europe (Brasier et al., 1993). The first isolation and characterisation of 
P. cinnamomi from avocado was in 1927 in Puerto Rico (Tucker, 1929). Phytophthora root rot of 
avocado is regarded as a new encounter disease i.e. the host and pathogen have not co-evolved as 
they have different centres of origin. Some debate exists as to the geographic origin of 
P. cinnamomi. It has been hypothesised to be from Southeast Asia (Ko et al., 1978, Zentmyer, 
1988), Papua New Guinea (Shepherd, 1975, Old et al., 1984) and a centre of origin in South Africa 
has been suggested (Von Broembsen, 1984). Although it has been shown by Linde et al. (1999) that 
the P. cinnamomi population was introduced in Australia and South Africa using molecular 
markers, a detailed global population study to rigorously test this hypothesis using molecular 
techniques has not yet been undertaken. In Australia, P. cinnamomi causes disease in native 
woodland, heathland and forest in every state and the Australian Capital Territory (Cahill et al., 
2008). The disease is responsible for the devastating destruction of vegetation in Western Australian 
jarrah (Eucalyptus marginata) forests since circa the 1920’s (Zentmyer, 1980). Among Australian 
P. cinnamomi, there is limited genetic diversity and reproduction is generally clonal, (Linde et al., 
1999, Old et al., 1988), further supporting its status as an introduced species.   
 
1.3.2. Disease cycle 
Phytophthora cinnamomi can exist saprophytically in soil, or persist as chlamydospores and 
occasionally oospores (Weste, 1983). Chlamydospores are resilient survival spores that can remain 
viable in the soil for up to six years (Zentmyer & Mircetich, 1966). The pathogen enters the asexual 
sporulation cycle in the presence of free water (high relative matric potential). Sporangia are formed 
from somatic hyphae and contain 20 to 30 biflagellate uninucleate zoospores. Zoospores are 
released into the surrounding aqueous environment. If a zoospore successfully finds a suitable host 
root, it will encyst, germinate and penetrate host tissue. The process of encystment and germination 
take approximately 30 to 60 minutes (Zentmyer, 1961b). Aeration, soil moisture, and temperature 
are the primary factors that influence pathogenesis. Presence of high soil moisture increases 
formation of sporangia, thereby providing optimal conditions for zoospore release, transport and 
motility (Zentmyer, 1980).  
 
The production of different vegetative spore types is influenced by environmental and nutritional 
factors. For instance, under low-nutrient conditions, sporangia may be produced from 
chlamydospores directly (Fig.1.2). Oospores are sexual spores that form when A1 and A2 mating 
types grow in close proximity. Most of the P. cinnamomi isolated from Australia is of the A2 
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mating type (Cahill et al., 2008, Linde et al., 1999, Pegg, 1974, Weste & Marks, 1987). There is 
little evidence of sexual recombination among Australian P. cinnamomi isolates (Dobrowolski et 
al., 2003, Linde et al., 1999), but mating experiments have shown that viable progeny can be 
produced (Linde et al., 2001).  
 
 
  
 
Figure 1.2. Disease cycle of Phytophthora cinnamomi, including soil matric potentials 
corresponding to different events. From Dann et al. (2013).  
 
Zoospores experience chemotactic attraction to a combination of 14 amino acids exuded by the fine 
feeder roots (Botha & Kotze, 1989). Electrotactic attraction due to naturally-occurring root-
generated electric fields has also been shown to be an additional component of attraction of 
oomycete zoospores to roots (van West et al., 2002). These electric fields are a consequence of 
electrogenic ion transport at the root surface.  
 
Root infection by P. cinnamomi increases in the presence of free water. As such, a synergism exists 
between flooding and Phytophthora root rot outbreaks (Farrow et al., 2011, Ploetz & Schaffer, 
1989). Infection is favoured by short periods of inundation with aerated water, because like avocado 
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roots, Phytophthora growth is inhibited by anaerobic conditions. The presence of excess water in 
soil initiates sporangia production and facilitates free movement of released zoospores towards 
roots (Zentmyer, 1980). Saline conditions may also exacerbate Phytophthora root rot (Perez-
Jiminez, 2008). Another potential factor that may influence development of disease are stock-scion 
interactions, as carbohydrate translocation to roots is affected, thereby limiting production of new 
feeder roots (Pegg & Giblin, 2008). 
 
1.3.3. Morphology & cultural characteristics 
 Four different spore types are produced by P. cinnamomi; sporangia, zoospores, chlamydospores 
and oospores (sexual spores). Sporangia are non-papillate, noncaducous (persistent), ellipsoid in 
shape and dimensions average 75 x 40 µm (Erwin & Ribeiro, 1996). New sporangia are produced 
by internal or external proliferation or by sympodial growth of the sporangiophore immediately 
below vacant sporangia. Under certain conditions, sporangia can produce twenty to thirty zoospores 
that have two flagellae, with the posterior flagellum being longer than the anterior. The anterior 
flagellum possesses two parallel rows of mastigonemes (lateral hairs), a characteristic feature of 
Stramenopiles; (Barr, 1992, Patterson & Sogin, 1992). The flagellae generate sinusoidal waves for 
propulsion, but each plays a distinct role in zoospore movement. Mastigonemes of the anterior 
flagellum move and generate a sinusoidal wave which reverses the thrust of the flagellar beat, 
propelling the zoospore forwards (Cahill et al., 1996). The posterior flagellum enables directional 
change by acting as a rudder. Chlamydospores are 41 µm in diameter on average, and are produced 
in abundance in culture and infected tissues (Erwin & Ribeiro, 1996). Often, they are produced in 
botryose (grape-like) clusters. Chlamydospore production is mostly terminal, but occasionally 
intercalary. Oospores are spherical in shape, ranging in diameter from 19 to 54 µm, have 
amphigynous antheridea and are plerotic. When A1 and A2 mating types are grown in close 
proximity, oogonia and antheridia are formed and interact and meiosis and sexual recombination 
take place giving rise to the development of viable hybrid oospores. Homothallic (selfed) oospores 
can be induced in very small numbers through exposure to Trichoderma (Brasier, 1975) or avocado 
root extract (Zentmyer, 1979). Hyphae of P. cinnamomi have distinctive corraloid hyphal swellings, 
swollen vesicles, and exhibit characteristic rosaceous growth when grown on potato dextrose agar 
(Erwin & Ribeiro, 1996).  
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1.3.4. Necrotrophy vs. hemibiotrophy 
Some researchers regard P. cinnamomi as a hemibiotroph (Christie, 2012, Hammond-Kosack & 
Jones, 1997) while others believe it is necrotrophic (Cahill et al., 2008, Hardham, 2005). The 
difference between the growth habits is that nectrotrophs actively kill host tissue before feeding on 
it, but hemibiotrophs feed on living tissue initially, before switching to necrotrophy. The model 
pathosystem for hemibiotrophy can be observed in the interaction of Colletotrichum graminicola 
and maize (Zea mays), causing anthracnose (Bergstrom & Nicholson, 1999, Munch et al., 2008). 
Unlike P. cinnamomi, a clear distinction is observable between the biotrophic and necrotrophic 
growth phases. Primary hyphae of C. graminicola grow between the plant cell wall and plasma 
membrane for approximately the first 48 hours (Vargas et al., 2012). When the pathogen switches to 
necrotrophy, many narrower, regularly shaped secondary hyphae are produced that kill host cells 
before colonising the intra- and intercellular tissue spaces (Bergstrom & Nicholson, 1999, Mims & 
Vaillancourt, 2002). The transition from biotrophy to necrotrophy was associated with superoxide 
(O2-) production and upregulation of mRNAs associated with respiration (Vargas et al., 2012). 
Superoxide was localised to hyphal tips in contact with plant cell walls, indicating that in 
C. graminicola, O2- may be specifically induced to penetrate plant cell walls. Jupe et al. (2013) 
observed that during the transition from biotrophy to necrotophy in the Phytophthora capsici – 
tomato pathosystem, a broad transcriptional shift occurred, from genes involved in translation and 
protein metabolism during the biotrophic phase, to genes encoding necrosis-inducing peptides and 
genes associated with catabolism and degradation during the necrotrophic phase.  
 
In specific hemibiotrophic pathosystems, differential defence responses that correspond to 
biotrophic and necrotrophic growth have been well characterised (Vargas et al., 2012). Yet, the 
distinction between biotrophic and necrotrophic growth in the P. cinnamomi /P. americana 
pathosystem is far less obvious. For example, in the biotrophic growth phase of recognised 
hemibiotrophic Phytophthora spp., hyphae grow between the plasma cell membrane and the cell 
wall, producing a specialised feeding structure called a haustorium, which derives nutrients from 
the host cell (Hardham & Blackman, 2010). However, for some species such as Phytophthora 
infestans, haustoria are not crucial for nutrient absorption (Blackwell, 1953). Yet, histopathological 
research suggests that P. cinnamomi does not exhibit the same behaviour. Phillips et al. (1987) 
viewed P. cinnamomi growing both inter- and intracellularly, but Christie (2012) observed that 
across three avocado rootstocks, between 24 and 96 hours post inoculation (hpi), most hyphae grew 
intercellularly, and haustoria were not produced. Wetherbee et al. (1985) found that in the infection 
of Zea mays by P. cinnamomi, many haustoria are formed inside cells that are not yet necrotic. It is 
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presumed that cells that have produced callose as a defence response will die; therefore the 
pathogen switches to necrotrophy. It may be argued however, that P. cinnamomi has not been 
observed to actively kill host cells. Moreover, Phillips et al. (1987) repeatedly isolated P. 
cinnamomi from healthy-looking avocado root tissue 6 mm ahead of the extending necrotic lesion. 
The work of Crone et al., (2013) showed that P. cinnamomi can grow biotrophically and 
asymptomatically in several native Australian annual and herbaceous perennial plant species. 
Abundant selfed oospores, chlamydospores, stromata and the presence of haustoria were observed 
in tissues of plants collected from naturally infected sites. Crone et al. (2013) describe 
P. cinnamomi as having ‘plastic behaviour’, as has also been observed in Phytophthora ramorum 
and Phytophthora kernoviae (Fichtner et al., 2012).  It has been suggested by Thaler et al. (2004) 
that pathogenic lifestyles are situated along a continuum from biotrophy to necrotrophy, and 
hemibriotrophic pathogens occur somewhere in the middle, according to the extent of visible 
necrotic symptoms. The findings of the studies described above suggest that P. cinnamomi may be 
situated closer to the biotrophic end of the spectrum, but growth habit is largely dependent on the 
identity of the plant host.   
 
1.4. Phytophthora root rot resistance 
Breeding and selection programs for Phytophthora root rot resistance have been successful to some 
degree, with several successfully commercialised rootstock varieties being developed and released. 
Before release, selected lines undergo many years of intensive glasshouse and field testing, yet no 
commercially available rootstocks have complete resistance to the disease. A brief history of 
rootstock selection programs follows, followed by a discussion of published research on the 
mechanisms of resistance to Phytophthora root rot.  
 
1.4.1. Avocado rootstock selection  
Selection of rootstocks with improved productivity began in California in the early 1940’s by F. F. 
Halma (Halma, 1954). The impetus for a Phytophthora root rot resistant selection programme was 
provided after the isolation and identification of P. cinnamomi from declining avocado trees 
(Wager, 1942). George Zentmyer headed the programme, and focussed initially on naturally 
occurring resistant germplasm sourced from native habitats, particularly when growing in wet 
conditions in the presence of P. cinnamomi (Zentmyer, 1952). Zentmyer & Schieber (1974) 
collected and screened varieties of wild avocado for resistance to Phytophthora root rot. They found 
high levels of resistance in some Persea species such as P. chrysophylla, P. connell-smithi, P. 
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borbonia and P. pachypoda. Yet, the selections were unsuitable as rootstocks due to their graft-
incompatibility with P. americana scions. While screening a huge number of P. americana 
specimens, the ‘Duke’ cultivar was discovered, which was first brought from Mexico to the US in 
1912 (Zentmyer & Mircetich, 1965). From this cultivar, two seedlings ‘Duke 6’ and ‘Duke 7’ were 
released in the mid-1970’s and were found to possess partial resistance to P. cinnamomi. ‘Martin 
Grande’ is another highly resistant rootstock that is a hybrid of P. schiediana X P. americana 
(Zentmyer et al., 1988). Three new root rot resistant cultivars were released in 2012 from the 
Californian screening programme; ‘Zentmyer’, ‘Steddom’ and ‘Uzi’ (Menge et al., 2012). A South 
African rootstock selection program run by Westfalia Technological Services has developed 
resistant rootstocks such as ‘Latas’ (Roe & Kremer-Kohne, 1995), and ‘Dusa’, released 
commercially in 2001 (Wolstenholme, 2003). Avocado selection programs have also been 
developed around the world for other desirable traits. For example, selection programmes include a 
focus on enhanced tolerance to salinity and chlorosis (Ben-Ya'acov et al., 1992, Arpaia & Menge, 
2004). Rootstock improvement and selection studies have also been developed in Australia, with a 
number of different breeding targets including tolerance to anthracnose (Whiley & Whiley, 2005) 
and to Phytophthora root rot (Smith et al., 2011, Whiley et al., 2007).  
 
Commercially released resistant rootstocks are not completely resistant to Phytophthora root rot, 
and there is a lack of understanding of the mechanisms behind resistance and tolerance. If genetic 
uniformity of resistant rootstocks is desired, they must be clonally propagated in order to preserve 
the resistance phenotype. It is probable that different resistant rootstocks have different mechanisms 
of resistance to Phytophthora root rot. A phylogenetic analysis of 33 avocado cultivars using 25 
microsatellite markers found high levels of heterozygosity for microsatellite marker sites (Ashworth 
& Clegg, 2003). This result was credited to the complex and frequently ambiguous origin of current 
avocado varieties, as a consequence of outcrossing and/or backcrossing. Douhan (2011) 
investigated genetic diversity of field resistant and susceptible rootstock varieties using amplified 
fragment length polymorphism (AFLP). Rootstocks that exhibited phenotypic tolerance to 
P. cinnamomi were distributed across the phylogenetic tree, indicating that they were of diverse 
backgrounds.  
 
1.4.2. Mechanisms of resistance 
Resistance of avocado to Phytophthora root rot is poorly understood and appears to be polygenic. 
Evidence from various studies suggests that resistant clonal rootstocks of different heritage do not 
share the same resistance strategies to the same degree (Aveling & Rijkenberg, 1991, Dolan & 
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Coffey, 1986, Gabor & Coffey, 1990). In interactions between many plants and P. cinnamomi, roots 
of resistant species or varieties can restrict the lesion to the inoculation site, whereas unimpeded 
necrosis extends along susceptible roots. For example, Allardyce et al. (2012) observed Z. mays to 
be resistant in comparison to Lupinus angustifolius, Cahill et al. (1989) observed that lesion length 
correlated with susceptibility across 13 plant species classified as resistant and susceptible, Cahill et 
al. (1993) observed the same phenomenon in resistant vs. susceptible lines of Eucalyptus 
marginata, Robinson & Cahill (2003) observed it across 20 ecotypes of Arabidopsis thaliana and 
Dolan & Coffey (1986) found the same occurrence in clonal avocado rootstock material. In resistant 
plants, encystment and penetration still occur, but resistant plants are able to mount an effective 
defence response through biochemical or structural means. ‘Resistance’ of high-performing 
rootstock selections is not complete and certain components of resistance, for example root 
regenerative ability, are technically mechanisms of tolerance. Tolerance is defined as the host’s 
ability to reduce the consequences of infection on plant fitness, (such as through root regenerative 
ability), while resistance mechanisms prevent establishment of the pathogen or limit its ability to 
colonise host tissue (Roy & Kirchner, 2000). In this thesis, the term ‘resistance’ is used loosely, and 
includes any mechanism by which the effects of infection by P. cinnamomi are tolerated or reduced.  
 
Different mechanisms of resistance to Phytophthora root rot of avocado have been investigated 
using screening techniques to determine their potential application in avocado rootstock breeding 
programmes. These aspects of resistance include the following: (I) root regenerative ability (Gabor 
& Coffey, 1990, Kellam & Coffey, 1985), (II) attractiveness to zoospores in terms of either 
encystment rates (Aveling & Rijkenberg, 1991, Botha et al., 1990) or the concentration and 
composition of exudates produced by the roots (Botha et al., 1990, Zilberstein & Pinkas, 1987), (III) 
deposition of structural barriers such as callose and tyloses (Christie, 2012, Dugger & Zentmyer, 
1981, Phillips et al., 1987, Pozniak & Pinkas, 1996), (IV) the induction of various biochemical 
defence pathways within avocado roots in response to P. cinnamomi infection (Christie, 2012, 
García-Pineda et al., 2010, Romero-Correa et al., 2014, Backer et al., 2015). The approaches 
outlined above involve identification of a resistant phenotype before association with the 
corresponding genotype. Recently, several studies have attempted to identify resistant genotypes 
using different gene expression analysis techniques in order to detect changes in resistance-
associated gene expression (Mahomed & van den Berg, 2011, Engelbrecht & van den Berg, 2013). 
Following is a discussion of different mechanisms of resistance of avocado to P. cinnamomi.  
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1.4.2.1. Root regeneration 
The ability to grow more feeder roots than P. cinnamomi is able to destroy is one of the 
mechanisms by which avocado plants can tolerate root infection. For example, using root trimming 
and inoculation experiments, Kellam & Coffey (1985) investigated the root growth characteristics 
of two field-resistant rootstocks, ‘Duke 7’ and ‘G6’, compared to two field-susceptible rootstocks, 
‘Topa Topa’ and ‘Walter Hole’. From the root trimming experiments, it was found that the resistant 
varieties had greater root regrowth than the susceptible varieties after 50% of the root/soil mass was 
removed. Results indicated that relative to un-pruned root systems, root growth of resistant varieties 
was stimulated by root removal, but no significant differences were observed for susceptible 
varieties. Levels of P. cinnamomi in the potting media were significantly higher for ‘Duke 7’ than 
for ‘G6’, suggesting that the two varieties may possess different mechanisms of resistance. In a later 
study, it was observed that the moderately resistant ‘Thomas’ and the resistant ‘Martin Grande’ had 
greater root growth after root pruning than the susceptible ‘Topa Topa’ and moderately resistant 
‘Barr Duke’ (Gabor & Coffey, 1990). The highest levels of P. cinnamomi in the rhizosphere were 
associated with ‘Thomas’. Results from both these studies indicate that ‘Duke 7’, ‘G6’ and 
‘Thomas’ may possess inducible defence mechanisms as well as a high capacity to regenerate roots 
after root removal. Both of these studies investigated comparative root regeneration of small trees in 
glasshouse conditions. Giblin et al. (2005) compared the performance of 18-month old ‘Velvick’ 
and two local selections ‘Anderson 10’ and ‘Anderson 8’ in an area of low Phytophthora root rot 
pressure vs. an area of high disease pressure. ‘Anderson 10’ had demonstrated in previous 
experiments that it had a high ability to replace damaged feeder roots, yet it performed poorly in the 
field when exposed to low disease pressure. The workers used a tree health rating system of 
0 = healthy and 10 = dead, which involved making visual assessments of tree appearance, taking 
into account leaf colour, vegetative vigour, wilting and defoliation (Darvas et al., 1984). ‘Anderson 
10’ received a mean tree health rating of 5.8, and worse under conditions of high disease pressure 
with a mean rating of 7.2. In comparison, ‘Velvick’, the industry standard had a mean tree health 
rating of 1.3 under low disease pressure and 6.6 under high pressure. These results indicated that 
root regenerative capacity alone was not a good indicator of field performance in an area where 
disease is present.  
 
Christie (2012) compared the root biomass of eight-month-old avocado rootstocks that were 
classified as being resistant (‘R0.06’), moderately resistant (‘R0.10’) or susceptible (‘R0.12’). A 
direct correlation was found between resistance and dry root mass (non-inoculated). The difference 
was only significant between the susceptible and resistant rootstock. It can be argued however that a 
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comparative measurement of root biomass at a single time point is not an effective indication of 
root regenerative ability as a response to destruction by a pathogen.  
 
Greater root growth capacity as a component of resistance has been observed and quantified 
between Phytophthora nicotianae and citrus rootstocks. Graham et al. (1995) observed in 
glasshouse experiments that tolerant rootstock varieties trifoliate orange and ‘Swingle’ citrumelo 
had greater root growth of undisturbed and pruned roots in comparison to susceptible varieties 
‘Carrizo’ citrange, sour orange and ‘Cleopatra’ mandarin. Root regenerative ability of the disease-
tolerant variety ‘Volkamer’ lemon varied according to glasshouse temperature. A field trial in the 
presence of the disease also indicated that trifoliate orange and ‘Swingle’ citrumelo had greater root 
regenerative ability than susceptible varieties.  Root regenerative ability as a component of 
resistance has also been observed between P. cinnamomi and many plant species. Halsall et al. 
(1978) used a root pruning and inoculation study to observe responses to root infection of the 
susceptible Eucalyptus sieberi and field-resistant E. maculata by P. cinnamomi. For root-pruned 
and unpruned E. sieberi, infection with P. cinnamomi caused a significant decrease in root growth, 
whereas in E. maculata, the decrease was only significant for unpruned root systems. Root pruning 
also had no significant effect on root growth, except a reduction in root growth for uninfected 
E. sieberi.  Cahill et al. (1989) investigated histological differences between roots of 13 different 
Australian plant species after inoculation with P. cinnamomi. Root growth ceased within 24 h of 
inoculation for all species tested, but it resumed within 48 h for resistant species. Wetherbee et al. 
(1985) suggest that grasses such as Z. mays are able to tolerate P. cinnamomi infection due to their 
adventitious root systems that can generate new functional roots to compensate for infected old 
roots. While the ability of avocado to combat root destruction by compensatory root growth has 
been identified as an important component of resistance (Kellam & Coffey, 1985, Gabor & Coffey, 
1990, Ben-Ya'acov & Michelson, 1995, Coffey, 1992), the involvement of other pre- and post-
penetration defence mechanisms has also been indicated, and is discussed below. 
 
1.4.2.2. Zoospore attraction & encystment 
Fundamental research into the epidemiology of P. cinnamomi infection of avocado was conducted 
by George Zentmyer. He determined that zoospores are attracted to an area behind the root tip 
called the zone of elongation, and that zoospores and germ tubes are chemotactically attracted to a 
root exudate (Zentmyer, 1961a). The exudate was later discovered to contain a combination of 14 
amino acids (Botha & Kotze, 1989). Zentmyer (1961a) first proposed the notion that zoospores 
were more strongly attracted to susceptible versus resistant avocado roots. Botha et al. (1990) 
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substantiated this by observing a correlation with zoospore attraction and susceptibility, across the 
rootstocks ‘Edranol’, ‘G6’, ‘Duke 7’ and ‘Martin Grande’. Zoospore encystment occurred less on 
the highly resistant ‘Martin Grande’ than on the resistant ‘Duke 7’ and ‘G6’. In a similar study 
conducted by Aveling & Rijkenberg (1991), it was found that rates of zoospore encystment 
reflected known field susceptibility on ‘Martin Grande’, ‘Duke 7’, ‘G6’ and ‘Edranol’ rootstock 
varieties. Of interest was the fact that on ‘Martin Grande’, a higher percentage of zoospore cysts 
failed to germinate than those that had managed to penetrate the root epidermis via either 
appressoria or germ tubes. This phenomenon indicated that the ‘Martin Grande’ rootstock possesses 
a reduced level of an initiation factor or an inhibitory substance is present in roots of this rootstock 
variety.  Christie (2012) found that zoospore germination on inoculated feeder roots was repressed 
and delayed on the resistant line ‘R0.06’ when compared to a moderately resistant and a susceptible 
variety. The author hypothesises that upregulation of β-1,3-glucanase could be associated with 
inhibition of zoospore germination, as discussed in Section 1.4.2.4. 
 
Likewise, a correlation was found between zoospore attraction and encystment of P. cinnamomi and 
field susceptibility of blueberry roots (Erb et al., 1986, Milholland, 1975). Yet, in other interactions 
of P. cinnamomi with different hosts, encystment of P. cinnamomi zoospores did not always 
correlate with host susceptibility. In histological studies on eucalypt seedlings (Malajczuk et al., 
1977, Tippett et al., 1976), Arabidopsis (Robinson & Cahill, 2003) and four different Persea spp., 
(Ho & Zentmyer, 1977) only minor differences in P. cinnamomi zoospore attraction and encystment 
were observed on roots between resistant and susceptible hosts. Hinch & Weste (1979) found that in 
interactions between P. cinnamomi and 13 different Australian plant species, no correlation was 
present among penetration of the epidermis, cortex and vascular tissue, and known field 
susceptibility. The findings of all these studies indicate that the relationship between root 
susceptibility and P. cinnamomi zoospore attraction is highly dependent upon the host. 
Furthermore, the same appears to be true across many other oomycete-host plant interactions. 
Raftoyannis & Dick (2006) investigated zoospore attraction and encystment across seven different 
plant hosts inoculated with ten Pythium and two Phytophthora species. On certain plant host roots, 
significant differences in zoospore encystment between oomycete species were observed. For 
example, zoospores of Pythium adhaerens covered a significantly greater proportion of the zone of 
elongation of tomato roots compared to sugarbeet, lucerne and wheat, and did not encyst at all on 
the zones of elongation for sorghum, oat or maize. Also, Pythium aphanidermatum zoospores 
encysted more heavily on the zone of elongation of dicotyledonous plants than monocots. The study 
found a low overall correlation however, between zoospore encystment and disease severity.  
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An alternative method for screening avocado germplasm for resistance to Phytophthora root rot is to 
measure electrical conductivity of bathing solutions of detached roots. Bathing solutions are either 
distilled or double distilled water into which detached avocado roots have been exposed to 
P. cinnamomi zoospores of known concentration. The rationale behind this approach is permeability 
of host tissue may change during pathogenesis, and host susceptibility or resistance to a pathogen 
can be tested by measuring electrolyte leakage of inoculated roots into surrounding bathing solution 
((Weste & Cahill, 1982, Thatcher, 1943, Larkin & Scowcroft, 1981). The same technique has also 
been used to monitor post-infection leakage of P. cinnamomi-infected native plant roots (Cahill et 
al., 1985). In avocado, Zilberstain & Pinkas (1987), Botha et al. (1990) and Gabor and Coffey 
(1991) looked at the correlation between the electrical conductivity of bathing solutions of excised 
avocado root tips , and the attraction and encystment of zoospores as an indication of exudate 
concentration. The method failed to distinguish between some susceptible and resistant rootstocks, 
so it is not an effective screening method for determining resistance/susceptibility to P. cinnamomi.  
 
Broadly speaking however, the studies suggest that zoospore attraction as influenced by root 
exudation is a factor involved in susceptibility to P. cinnamomi, and the quantity and composition 
of root exudates roughly correlates with field resistance (Botha et al., 1990, Gabor & Coffey, 1991).  
 
1.4.2.3. Structural barriers 
Proliferation of P. cinnamomi within avocado root tissue may be effectively inhibited by physical 
barriers such as callose, tyloses, and formation of cells that act as a physical barrier. Plants can 
reinforce their cell walls with lignin and callose, to obstruct pathogen growth (Glazebrook, 2005). 
Lignin is synthesised from stored phenolic compounds within the cell and is regarded as a general 
defence response (Beckman, 2000). Production of lignin and phenolics are a vital component of the 
resistance of Eucalypt species to P. cinnamomi (Cahill & McComb, 1992, Cahill et al., 1993). 
Cahill et al. (1989) observed in root infection studies across 13 Australian plant species, formation 
of callose papillae, lignification of cell walls, and phenolic deposition occurred more frequently in 
resistant species. Lignin deposition has been observed in the resistance response of detached leaves 
of Solanum tarijense to infection by P. infestans (Korgan et al., 2011) and lignification of capsicum 
stems is associated with defence against P. capsici (Sang et al., 2010). After roots of the wild 
avocado species, Persea borbonia were inoculated with P. cinnamomi, deposition of suberin-like 
material and lignin was observed in walls of a protective cell layer (Pozniak & Pinkas, 1996). In the 
interaction between P. cinnamomi and the commercially important P. americana however, lignin 
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deposition has not been observed as a successful defence response (Christie, 2012, García-Pineda et 
al., 2010).  
 
Callose deposition appears to be an effective defence response of avocado roots to P. cinnamomi 
(Christie, 2012, Phillips et al., 1987). Recently, Christie (2012) observed that callose was deposited 
adjacent to penetration sites in a resistant rootstock variety, while in the susceptible rootstock 
variety, lignin was produced, which was not sufficient to contain the infection. Both lignin and 
callose were deposited in roots of a variety with intermediate resistance. Callose is a polysaccharide 
comprised of (1,3)-β-D-glucan monomers, deposited between the cell wall and plasma membrane, 
particularly in association with penetration by pathogenic hyphae. Callose can be visualised by 
fluorescence microscopy after staining with decolorised aniline blue (Eschrich & Currier, 1964, 
Hinch & Clarke, 1982). The efficacy of callose papillae in the resistance response of maize to 
P. cinnamomi is arguable, as the results of Hinch & Clarke (1982) found that the presence of callose 
papillae is associated with resistance, but the results of Hinch et al. (1985) indicated that the 
inducation of callose papillae did not effectively prevent hyphal growth. The presence of callose 
papillae in response to root infection by P. cinnamomi has been found to be associated with 
resistance in a range of Australian native plants (Cahill & Weste, 1983, Phillips & Weste, 1984). 
Callose deposition also appears to be an effective defence response of Arabidopsis to P. cinnamomi 
infection (Robinson & Cahill, 2003). The study found that the presence of callose papillae was 
commonly associated with a redirection of the plane of hyphal growth at 90°, but induction of 
callose was not closely correlated with resistance. Callose deposition as a response to inoculation by 
P. cinnamomi can be induced earlier by phosphite application (Eshraghi et al., 2011).  
Different structural defence responses of avocado against P. cinnamomi infection have also been 
observed, such as the production of cells that restrict hyphal growth. Phillips et al. (1987) 
demonstrated that ‘Duke 7’ roots were able to separate necrotic, infected tissue from uninfected, 
healthy tissue by the formation of necrophylactic periderm, as well as forming a layer of protective 
cells surrounding infected phloem within the stele. Necrophylatic periderm is a cell type formed in 
response to damage sustained by the phellogen of healthy periderm (Mullick, 1977). Phellogen is 
also known as cork cambium, which is the meristematic cell layer from which periderm is formed. 
Necrophylactic periderm acts as a barrier to prevent the spread of pathogens through bark tissue, to 
prevent them from reaching the vascular cambium. It is presumed to be derived from vascular 
cambium and other living cells within the bark (Ostrofsky & Blanchard, 1982). In the histological 
study by Phillips et al. (1987), the precise identity of the whorls of cells surrounding infected 
phloem bundles was unknown. Within the phloem bundles and intercellular spaces was a yellow-
brown substance that both autofluoresced and fluoresced with aniline blue. Also, the necrophylactic 
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periderm fluoresced under aniline blue and autofluoresced. This indicates that both cell types 
contain callose and an unknown autofluorescent substance. Phillips and Weste (1991) investigated 
the histological defence responses of callus tissue derived from the ‘Martin Grande’, ‘Duke 7’ and 
‘Topa Topa’ rootstock varieties. Production of a non-lignified periderm-like cell layer was observed 
in ‘Martin Grande’ callus tissue, but not ‘Duke 7’ or ‘Topa Topa’ callus tissue. Pozniak & Pinkas 
(1996) observed similar structural defence responses in inoculated roots of P. borbonia and Persea 
indica. Necrotic cells in the cortex and stele were surrounded by two rows of unidentified cells with 
walls containing suberin-like materials and lignin. Intercellular spaces were present inside lesions 
that contained a pigmented substance that autofluoresced under UV light. In the susceptible hosts, 
lesions were not constricted, and in the protective cell layer, lignin-like and suberin-like materials 
were not present (Pozniak & Pinkas, 1996). Dugger and Zentmyer (1981) describe a similar 
phenomenon in inoculated roots of resistant Persea seedlings, where necrotic cells with ‘coagulated 
cytoplasm’ and cell wall lesions were observed immediately adjacent to hyphae growing 
intercellularly. The same occurrence was not observed in inoculated roots of susceptible varieties.  
 
Production of tyloses is another defence response that has been observed in the interaction of 
avocado roots and P. cinnamomi inoculation (Christie, 2012, Phillips et al., 1987).  Tyloses are 
outgrowths of parenchyma cells into xylem cells. They have the effect of blocking pathogen 
progress within the vascular system (Manners, 1993). Tyloses are variable in composition and can 
contain mixtures of glucans, cellulose and lignin. Christie (2012) observed that inoculated roots of 
the susceptible variety ‘R0.12’ were severely occluded with tyloses at 96 hpi. Tyloses were 
observed to be present at low levels in inoculated root tissue of the resistant variety ‘R0.06’, but at 
similar levels to control plants, while tyloses were more frequently observed in individual xylem 
vessels of the moderately resistant ‘R0.10’. Tylose production may be regarded as a defence 
mechanism when they appear ahead of pathogen growth within host tissue. Yet, their effectiveness 
against P. cinnamomi is questionable as they also increase stress by irreversibly affecting the 
hydraulic system (Neuhaus et al., 2007).  
 
1.4.2.4. Biochemical responses 
Experimental work has demonstrated that other biochemical factors, either induced or constitutive, 
may also effectively reduce the extent of disease symptoms. Plants produce many secondary 
metabolites that have antimicrobial activity, such as phenolic compounds, saponins, isoflavonoids 
and sesquiterpenes (Papadopoulou et al., 1999). These inhibitory compounds may be produced 
constitutively during normal growth and development (phytoanticipins), or induced in response to 
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pathogen attack (Van Etten et al., 1994). These compounds are called phytoalexins, and can be 
either pathogen-specific or have a broad spectrum of activity (Maor & Shirasu, 2005). Some studies 
suggest that phytoanticipins may constitute a substantial amount of resistance of avocado rootstocks 
to P. cinnamomi. Phillips & Weste (1991) observed the growth of P. cinnamomi on callus tissue 
derived from ‘Martin Grande’ (highly resistant), ‘Duke 7’ (moderately resistant), and ‘Topa Topa’ 
(susceptible). Known field susceptibilities were correlated with the rate of hyphal extension across 
the calli. Also, hyphal growth in the media immediately adjacent to ‘Duke 7’ and ‘Martin Grande’ 
calli was stunted, indicating possible biochemical inhibition. Zaki et al. (1980) found that a potent 
antimicrobial substance was present in roots of several resistant avocado species but not in 
susceptible P. indica. A compound called borbonol was present in relatively high concentrations in 
most rootstocks of moderately high field resistance. The efficacy of borbonol was questioned 
however, as it was also present in the susceptible Mexican cultivar, ‘Topa Topa’ (Zaki et al., 1980). 
The study did not investigate quantitative differences in borbonol concentration between Persea 
spp. or Mexican varieties of P. americana. Fungitoxic compounds other than borbonol have also 
been found in leaf and wood tissue of several commercial rootstock varieties (Wehner & 
Apostolides, 1981), but no relationship to P. cinnamomi resistance was established. A recent study 
tested the effect of crude root extracts of Mexican avocado on P. cinnamomi growth (Sanchez-Perez 
et al., 2009). A substance called stigmastan-3,5-diene was the main constituent of fractions 
exhibiting 100% inhibition of in vitro P. cinnamomi growth. Romero-Correa et al. (2014) treated 
avocado feeder roots with the elicitor arachidonic acid, a fatty acid commonly found in 
Phytophthora lipids and an organic extract obtained at 24 hpi showed antioomycete activity. The 
major compound was phenol-2,4-bis (1,1-dimethylethyl), which also inhibited production of 
reactive oxygen species (ROS) in both Aspergillus and P. cinnamomi.  Constitutive antifungal 
compounds are present in avocado fruit; dienes purified from exocarp and mesocarp of unripe fruits 
have been demonstrated to have antifungal activity against Colletotrichum gloeosporioides (Prusky 
& Keen, 1993, Prusky et al., 1982). Carman et al. (1998) found that the lipid diene concentration in 
fresh leaves was greatest in Guatemalan varieties, ‘Hass’ having the highest concentration at 
3.8 mg/g, ‘Fuerte’ levels were also high at 2.8 mg/g, and two ‘Reed’ lines had 2.6 mg/g and 
2.3 mg/g respectively. Levels in ‘Duke 7’, ‘’Velvick’ and ‘Edranol’ were low, at 0.9 mg/g, 0.6 mg/g 
and 0.4 mg/g respectively. Efficacy of fungitoxic substances depends largely on location with the 
cell and timing of production. For example, in response to infection of Theobroma cacao and 
tomato by the xylem-invading pathogen Verticillium dahliae, in resistant genotypes localised 
depositions of elemental sulphur were detected in xylem vessel walls, xylem parenchyma cells and 
vascular occluding tyloses and gels (Cooper et al., 1996; Williams & Cooper, 2003). Phytophthora 
cinnamomi also possesses its own phytotoxic compounds; Halsall (1978) added cell-free extracts of 
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P. cinnamomi to eucalypt seedlings, and similar symptoms to those observed in inoculated roots 
were observed. The implication of this is that compounds within the extract have a direct action on 
host cell tissues and elicit an inducible defence response.  
 
Enzymatic activity may also be associated with resistance to P. cinnamomi. Christie (2012) 
observed across three rootstock varieties that known avocado root resistance to P. cinnamomi was 
associated with rapidly increased activity of β-1,3-glucanase in response to infection with P. 
cinnamomi and there were higher levels of superoxide dismutase, which is associated with levels of 
hydrogen peroxide. Low levels of β-1,3-glucanase (0.1 U/mL) have also been shown to inhibit 
zoospore encystment (Downer et al., 2001). This finding is consistent with the presence of β-1,3-
glucan in zoospore membranes (Bartnicki-García, 1966).  
 
García-Pineda et al. (2010) observed biochemical responses of the susceptible variety P. americana 
Mill var. drymifolia in response to root inoculation with P. cinnamomi and found evidence of a 
delayed hypersensitive response. Increased nitric oxide (NO) production was observed 72 hours 
after treatment, and was associated with inhibition of root colonisation. A burst in ROS took place 
four days post-inoculation. Root colonisation was inhibited by exogenously supplied salicylic acid 
(SA), but the mechanisms by which SA initiated defence responses are unknown (García-Pineda et 
al., 2010). The work of Guzman-Deara et al. (2013) suggested that O2- does play an important role 
in P. cinnamomi growth and development. Exogenous application of O2- increased growth of P. 
cinnamomi in liquid cell culture. Five different manganese superoxide dismutase polypeptides 
(MnSOD) were extracted from P. cinnamomi and levels of activity of all MnSOD polypeptides 
decreased in the presence of avocado root tissue or cell wall extracts. Superoxide dismutases are 
enzymes that protect against damage caused by O2-. The results of this study suggest that a 
hypersensitive host response and production of ROS in response to infection by P. cinnamomi 
would be detrimental to the plant. 
 
Acosta- Muñiz et al. (2012) used a proteomic approach to monitor changes in enzyme expression 
after inoculation of roots of the avocado rootstock selection ‘Martin Grande’. This rootstock variety 
is highly resistant to Phytophthora root rot and is believed to be a hybrid between P. schiedeana and 
P. americana var. guatemalensis (Zentmyer et al., 1988). Sixteen proteins were found to be 
upregulated after inoculation with P. cinnamomi and three were downregulated. The differentially 
expressed upregulated proteins included homologues to several abscisic acid stress-ripening 
proteins, cinnamyl alcohol dehydrogenase, glutathione S-transferase, cysteine synthase, quinone 
reductase, cinnamoyle CoA-reductase and isoflavone reductase. Down-regulated proteins included 
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a glycine-rich RNA-binding protein and a small heat-shock protein. The rationale behind 
monitoring protein expression was that there is not necessarily any correlation between mRNA 
levels and translated gene products.     
 
1.4.2.5. Host-pathogen interaction 
In plants, the SA pathway can give rise to an effective defence response against biotrophic 
pathogens, leading to a hypersensitive response, cell death and subsequent cessation of pathogen 
growth (Glazebrook, 2005). In contrast, the jasmonic acid (JA) and ethylene (ET) signalling 
pathway are regarded as more effective responses to necrotrophic pathogens, as cell death is not 
effective for arresting necrotrophic growth. The jasmonic acid pathway is also induced in response 
to insect herbivory (Felton and Tumlinson, 2008) and involves the induction of resistance pathways 
that lead to expression of defence genes such as defence-related volatile compounds, proteinase 
inhibitors and secondary metabolites such as active phenolics and nicotine. Studies have indicated 
that there are numerous exceptions to this generalised model (Smith et al., 2009). Complex cross-
talk interactions have been observed between the two hormones involving antagonism (Bostock, 
2005) and modulation by other signalling molecules (Dong, 2004, Li et al., 2004). Thaler et al. 
(2004) found that the jasmonate pathway in tomato was involved in defence responses to five 
different pathogens, spanning both biotrophs and necrotrophs. Consequently, lifestyle of the 
pathogen is not an accurate predictor of which defence pathway will be activated during infection. 
 
The ‘gene-for-gene’ hypothesis is one of the earliest models concerning the evolution of host-
pathogen interactions, where a dominant or semidominant ‘resistance’ (R) gene corresponds to an 
‘avirulence’ (Avr) gene of the pathogen (Flor, 1971). Recognition of the Avr gene product by the 
plant induces complex signalling cascades resulting in specific defence responses. More complex 
models of host-pathogen interactions have been postulated in recent years, such as the ‘Guard 
Hypothesis’, which involves a third component. In this system, the Avr product mediates a 
virulence target (VT), which is perceived by the plant resistance (R) protein (Van Der Biezen & 
Jones, 1998).  
 
The innate immune system of plants is thought to be composed of two levels (Jones & Dangl, 
2006). The first level is the recognition of conserved structural components of pathogens (e.g. 
flagellin and chitin), which are referred to as pathogen-associated molecular patterns (PAMPs). 
Recognition of these factors by cell-surface receptors instigates PAMP-triggered immunity. The 
second level is the intracellular interaction of pathogen effectors with plant R gene products. Most R 
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genes encode polymorphic proteins, which typically have a nucleotide binding (NB) and leucine-
rich repeat (LRR) domains (Dodds et al., 2009).  
 
Effectors are molecules secreted by pathogens that cause a specific effect on at least one genotype 
of a host or nonhost plant (Vleeshouwers & Oliver, 2014). Effectors that are identified by plant R 
proteins are Avr proteins (Birch et al., 2009). All oomycete Avr gene products have a common 
structure consisting of a signal peptide followed by an RXLR motif, a stretch of acidic proteins and 
a terminal EER motif (Birch et al., 2008). The sequenced genomes of oomycete plant pathogens 
have revealed hundreds of potential RXLR effector-encoding genes (Whisson et al., 2007, Birch et 
al., 2008, Win et al., 2007, Jiang et al., 2008). In recent years, it has been shown that the regulatory 
LRR-RLK BRASSINOSTEROID INSENSITIVE 1 (BRI1)-associated receptor kinase (BAK1 also 
known as SERK3) is an important component of the defence response of Nicotiana benthamiana to 
P. infestans (Chaparro-García et al., 2011). The same gene was shown to cooperate with a similar 
receptor-like kinase (BKK1/SERK4), contributing to the resistance of A. thaliana to the biotrophic 
oomycete Hyaloperonospora arabidopsidis (Roux et al., 2011), suggesting that BAK1/SERK3 may 
contribute to basal plant defence against oomycete pathogens. The sequencing and analysis of 
Phytophthora pathogens including P. cinnamomi is ongoing (Chen et al., 2014).   
 
Phytophthora spp. synthesise and secrete a particular group of effectors or elicitors of host defence 
responses called elicitins (Ricci et al., 1992). Elicitins are sterol carrier proteins (Boissy et al., 1999, 
Mikes et al., 1998) and in tobacco and some Brassica species, they induce a hypersensitive response 
(Huitema et al., 2005) and systemic acquired resistance (SAR) (Takemoto et al., 2005). The genome 
of P. cinnamomi has a gene cluster containing four elicitin genes (Duclos et al., 1998), α- and β-
cinnamomin and two similar isoforms, the highly acidic elicitins-α and β. Transcription of β-
cinnamomin has been demonstrated during active growth of P. cinnamomi in newly germinated 
roots of cork oaks (Horta et al., 2008). In the same study, it was shown that silencing of the β-cin 
gene retards in planta pathogen growth and reduces expression of other elicitin genes within the 
cluster. A drastic reduction in infection was also observed when roots were inoculated with 
mycelium of a transformed isolate. The transformed P. cinnamomi was not able to produce 
zoospores however, suggesting that the physiology and pathogenicity of the isolate was also 
unintentionally affected. Resistance genes corresponding to P. cinnamomi elicitins have not been 
found in any plant species.  
 
Phytophthora has a broad host range and host resistance is quantitative and polygenic (Douhan, 
2009). By contrast, vertical resistance is race-specific and single-gene mediated in the potato / 
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P. infestans pathosystem. R genes for late blight resistance have been introduced from wild 
Solanaceae into cultivated potato through sexual and somatic hybridisation (Leonards-Schippers et 
al., 1994, Tian et al., 2008). Conversely, the P. cinnamomi / avocado interaction may involve 
complex genetic interactions, making it a difficult system for study. Breeding and selection 
programmes progress slowly, as plants undergo repeated exposure to the pathogen, and the time 
taken for plant growth from seed to bearing fruit may be several years. For these reasons, discovery 
of genes associated with resistance traits is very difficult. Therefore, recent rootstock improvement 
programs have focussed on the development of marker-assisted selection to maximise the 
effectiveness of selection for resistance, to ultimately find and monitor genes associated with 
resistance to Phytophthora root rot (Douhan, 2009). To determine parental relationships, genetic 
diversity studies have been conducted using isozymes (Sulaiman et al., 2004), restriction amplified 
fragment length polymorphisms (RFLPs) (Clegg & Davis, 1989), randomly amplified polymorphic 
DNA markers (RAPDs) (Kobayashi et al., 2000), and microsatellite markers (Ashworth & Clegg, 
2003, Borrone et al., 2008). In general, these studies found high rates of outcrossing and a high 
degree of diversity within P. americana.  Ashworth & Clegg (2003) observed a particularly large 
amount of diversity within the Guatemalan race. 
 
To enable marker-assisted selection for various desirable traits, a genetic linkage map of avocado 
has been constructed (Borrone et al., 2009), and recently, Mexican researchers have sequenced the 
entire genome of a native avocado variety (unpublished data). Other molecular methods have 
focussed on gene expression changes of avocado in response to P. cinnamomi inoculation. 
Mahomed & Van den Berg (2011) used 454 pyrosequencing to generate transcriptomic data on the 
avocado / P. cinnamomi interaction. Expressed sequence tag (EST) data was generated from 
P. cinnamomi-inoculated avocado roots. From 371 generated contiguous sequences, nine putative 
defence-related ESTs were selected on the basis of being similar to known defence-related proteins. 
These proteins included thaumatin, a metallothionein-like protein, pathogenesis-related protein 
PSemI, a profilin-like protein, a putative universal stress protein, and an LRR resistance protein-like 
gene. This selection criterion disregarded highly upregulated transcripts with unknown identities 
and functions, thereby biasing and constraining the scope of the study. Engelbrecht et al. (2013) 
recently developed a quantitative PCR-based method for quantification of P. cinnamomi DNA 
within avocado root tissue. The technique was highly correlated with observed disease symptoms; 
therefore one of the potential uses of the technique is as a relatively quick method of screening 
resistance/tolerance to Phytophthora root rot in order to speed up breeding and selection programs.  
NONEXPRESSOR OF PATHOGENESIS-RELATED GENES1 (NPR1) is a transcription cofactor 
protein that is involved in the SA pathway in plants, and in crosstalk between the SA and JA/ET 
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pathways (Cao et al., 1994). Backer et al. (2015) identified five NPR1-like sequences in avocado. 
By investigating expression levels after treatment with SA, JA and inoculation with P. cinnamomi, 
they found that three of the genes were likely to have a role in defence against P. cinnamomi 
infection. Expression of PaNPR2 and PaNPR4 were downregulated at 12 hpi in the resistant variety 
‘Dusa’ compared to the susceptible variety ‘R0.12’. The authors suggest that increased expression 
of PaNPR1-like defence-related genes would suppress the JA/ET pathway and this could be 
associated with a concurrent change in the growth habit of the pathogen from biotrophy to 
necrotrophy.   
 
Molecular methods are also being developed in order to actively prevent and not just understand the 
disease. The development of transgenic rootstocks with RNA silencing ability is currently in 
progress, targeted to specific pathogen genes (Mitter et al., 2011). Engineered dsRNA constructs are 
inserted into the avocado genome and are processed into short interfering RNA’s (siRNA). When 
taken up by P. cinnamomi, the siRNA’s specifically target and silence essential P. cinnamomi 
genes.  
 
Due to the widespread presence of P. cinnamomi, a multi-faceted approach to understanding and 
treating Phytophthora root rot of avocado is important. Identification of rootstocks with high levels 
of resistance to the disease will help achieve effective and sustainable control of this significant 
disease. The search for and identification of such resistance provided the impetus for the research 
carried out in this thesis. 
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Outline of the thesis  
Phytophthora root rot of avocado is a serious yield-limiting disease. Despite the development of 
disease-tolerant rootstock varieties, there is a general lack of understanding of the mechanisms of 
resistance to the disease. The ability of certain rootstock varieties to compensate for feeder root 
destruction has been identified as a possible mechanism of resistance to Phytophthora root rot of 
avocado. For that reason, the aim of the work described in Chapter 2 was to develop methods to 
assess root growth in the presence of Phytophthora cinnamomi and root regenerative ability relative 
to photosynthetic area of seedlings. To have easy access to root systems during subsequent 
experiments, methods such as hydroponics and training of root systems to grow two-dimensionally 
were trialled. Ultimately, the 2-pot root regeneration was developed to investigate possible 
differences between varieties in the output of feeder roots growing into a bottom pot in relation to 
total surface area of mature leaves and in response to mechanical root removal.  
 
In order to determine whether root regenerative ability is a significant component of resistance to 
Phytophthora root rot, Chapter 3 presents data from glasshouse experimentation using the 2-pot root 
regeneration system as well as data from inoculation experiments in which root growth in the 
presence of P. cinnamomi was tested. To obtain data across a broad range of genotypes, seedlings 
of nine different seedling avocado varieties including rootstock and scion varieties spanning the 
three ecological races were tested for their root regenerative ability. This data provides quantitative 
insight into inherent root growth, as well as relative disease tolerance of seedling varieties as 
observed by the degree of visual necrosis of root systems and above-ground symptoms expressed as 
leaf wilting.  
 
To augment glasshouse root growth studies and investigate whether root regenerative ability is a 
component of the resistance of mature trees to Phytophthora root rot, root growth studies in the field 
were carried out (Chapter 4). The main aim was to investigate possible differences between 
rootstock varieties in feeder root growth of mature trees during root flush events across two field 
sites. Data relating to yield, tree growth, health and vegetative parameters were measured as well as 
stored non-structural starch, to be analysed in conjunction with root growth data. Potential rootstock 
differences among rootstock varieties in root growth and these parameters were investigated. To test 
whether the anti-oomycete fungicide Ridomil Gold® resulted in increased localised feeder root 
growth, the compound was applied on half the root window sites at both field sites. Potential effects 
of Ridomil Gold® application on mycorrhizal colonisation of feeder roots were investigated. To 
discuss whether root growth measured in the current study is related to tolerance to Phytophthora 
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root rot, the data were interpreted within the context of known field performance of rootstock 
varieties.  
 
In Australia, ‘Velvick’ is regarded as a disease-tolerant rootstock variety while ‘Reed’ is regarded 
as a susceptible variety, but the mechanisms behind this difference are unknown. The aim of the 
work in Chapter 5 is to investigate whether there are possible differences between the two varieties 
in pathogen growth along tip-inoculated roots in relation to the visible disease lesion. The ability of 
the host to restrict pathogen spread along the root may indicate the presence of innate/induced 
resistance mechanisms. Differences between varieties in the size of the visible lesion at two time 
points after inoculation are discussed as well as extension of the pathogen through root tissue, as 
detected using a PCR-based method and from isolations from sectioned root tissue onto 
Phytophthora-selective media. 
 
In Chapter 6, the overall findings of the study are discussed, similarities between glasshouse and 
field data and the likelihood of root regenerative ability being a substantial component of the overall 
tolerance of certain rootstock varieties to Phytophthora root rot. Particular reference is made to the 
rootstock varieties ‘Reed’ and ‘Velvick’ as the potential implications of the results of the 
inoculation study in Chapter 5 are discussed.     
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Thesis Chapter 2. Development of an experimental root evaluation system 
 
2.1. Abstract 
Resistance of some avocado rootstock varieties to the yield-limiting disease, Phytophthora root rot of 
avocado caused Phytophthora cinnamomi may be due to greater root regenerative ability. To study root 
growth and root system health after inoculation in juvenile avocado plants, optimised methods were required 
for plant growth, access to root systems. The aim of the work undertaken in the current chapter was to assess 
the feasibility of hydroponics as maintenance and inoculation of avocado plants and to develop methods to 
measure root regenerative ability. Suitability of hydroponics systems for avocado seedling growth 
and inoculation was evaluated. Inoculation of whole root systems was trialled in beakers, and 
feasibility of using sandwich bags for plant growth and inoculation was assessed. It was found that 
hydroponics and sandwich bag methods for maintenance and inoculation of plants were not 
feasible. A non-destructive method of measuring feeder root growth in response to mechanical root 
trimming was developed. Across six seedling avocado varieties, the 2-pot system was tested and 
found to be useful for assessing production of avocado feeder roots in relation to the total surface 
area of mature leaves. The technique is a novel way to measure seedling root growth without 
destroying plants and also enables root harvesting for further downstream applications. 
 
2.2. Introduction 
One of the possible mechanisms of resistance to Phytophthora root rot of avocado is a high capacity 
to regenerate feeder roots (Kellam & Coffey, 1985, Gabor & Coffey, 1990). In order to grow and 
evaluate root systems and root growth of avocado plants in the glasshouse, appropriate growth and 
inoculation systems are required. The current study was undertaken to ascertain the most reliable 
way to measure inherent root growth (root growth in the absence of P. cinnamomi). Studies of root 
systems embedded in a solid medium are difficult because roots must be disturbed for observation. 
In principle, hydroponics is a useful growth system for observation of root systems as there is no 
solid medium which must be disturbed. Hydroponics is the system of growing plants in soil-less 
nutrient solution, with or without a solid substrate used as mechanical support (Jones, 1982). 
Advantages of hydroponics over traditional cultivation include the ability to grow plants indoors 
thereby minimising pest and disease outbreaks, the ability to grow plants in regions otherwise 
unsuitable for agriculture, potential for greater planting densities and greater control over plant 
nutrition. Disadvantages include the potential for rapidly spreading fungal diseases, high labour, 
lighting and energy costs and a high requirement for water (Korstad, 2003). Different hydroponics 
systems include sand culture, rock wool culture, bag culture, trough culture, the nutrient film 
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technique and the deep flow technique (Stanghellini & Rasmussen, 1994). Plant physiologists rely 
on hydroponic systems to investigate dosage effects of individual nutrients on plant growth 
(Korstad, 2003). For root studies, growing plants in hydroponic systems also allows subdivision of 
different root system sections into different nutrient treatment zones (Polomski & Kuhn, 2002). 
Aeroponics describes systems where roots grow in chambers filled with air moistened with nutrient 
solution. The development of large aeroponics chambers has enabled studies of root system growth 
of small annual plants, large perennials and even trees (Waisel, 2002). Aeroponics has also been 
utilised as an inoculation system for P. cinnamomi causing root rot disease in pineapple (Sanewski, 
2012). Studies of root diseases of avocado present a particular challenge as the roots are very 
sensitive to dessication and anoxia. Therefore, the roots must constantly be kept in conditions of 
high humidity or in aerated liquid media. In the following two studies, hydroponic systems using 
solid substrates were successfully used to test nutrient treatments on avocado plants: Lobit et al. 
(2007) used hydroponics to study growth and development of grafted avocado plants in response to 
different forms of nitrogen [ammonium (NH4+) vs. nitrate (NO3-)] in nutrient media. Plants were 
grown in 20 L containers with volcanic gravel (2 cm particle size) called ‘tezontle’ as the structural 
support and nutrient treatments were applied three times a day. Miyasaka et al (1999) used 
hydroponics to investigate the response of ‘Sharwil’ scions on ‘Itzamna’ rootstocks to different 
boron concentrations applied in nutrient solution over two months. At the start of the study, plants 
were fertigated with 0.5 L nutrient solution per day, which gradually increased to 2.5 L by the end 
of the study. The structural support used in this study was rock wool. Manthey & Crowley (1997) 
used hydroponic systems without a solid substrate to investigate physiological responses of ‘Hass’ 
seedlings to iron (Fe) deficiency. Plants were grown in 30 L tanks of aerated nutrient solution for 
four weeks, before half of the plants were transferred to nutrient solutions deficient in Fe. Nutrient 
solutions were refreshed every three weeks.  
 
Instead of using hydroponics for avocado root growth studies, Kellam & Coffey (1985) and Gabor 
& Coffey (1990) used uninfested field soil and UC mix respectively in pot trials after removing 
50% of the root/soil mass longitudinally. Kellam & Coffey (1985) found that after four weeks, root 
system weights of root-pruned ‘Duke 7’ and ‘G6’ were significantly greater than unpruned controls, 
but root-pruned ‘Walter Hole’ and ‘Topa Topa’ were not significantly different to the unpruned 
controls. Gabor & Coffey investigated relative root growth potential of the tolerant rootstock 
varieties ‘Thomas’, ‘Martin Grande’,  compared to susceptible varieties ‘Barr Duke’ and ‘Topa 
Topa’ by longitudinally removing 50% of the root system prior to planting in uninfested UC mix. 
After 24 weeks, the variety with the least reduction in root dry weight was the root rot-tolerant 
variety ‘Martin Grande’, which was significantly different to ‘Barr Duke’ and ‘Topa Topa’, but not 
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significantly different to ‘Thomas’. The results of these studies suggest that a component of the 
overall tolerance of ‘Duke 7’, ‘G6’ and ‘Martin Grande’ to Phytophthora root rot is the ability to 
regenerate roots after a substantial loss of roots, in comparison to susceptible varieties ‘Barr Duke’ 
and ‘Topa Topa’. 
 
Results of previous studies have suggested that one of the mechanisms of resistance of avocado 
rootstock varieties to Phytophthora root rot is compensatory root growth. In order to observe 
seedling root systems, appropriate growth systems are needed to test various hypotheses related to 
potential mechanisms of resistance to the disease. Therefore, the research question addressed in the 
current chapter is – what are the most convenient methods of growing seedling avocados for studies 
of root regeneration in the presence and absence of P. cinnamomi with minimum disturbance to root 
systems? It was important to develop methods to grow and manipulate root systems of avocado 
seedlings in order to compare results of seedling root growth with performance of mature trees in 
the field, detailed in Chapter 4. 
 
2.3. Materials and methods   
All hydroponics tests and trials of different growth systems took place in a temperature-controlled 
glasshouse at 26 °C ± 3 °C. Plants growing in pots were irrigated with 40 mL dH20 daily via 
automatic drippers. 
 
2.3.1. Plant establishment in hydroponics  
2.3.1.1. Initial test of seedling health using commercially available hydroponic solution 
A two-part hydroponic solution called ‘HydroBotanics Premium Blend Nutrient Formula’ (source: 
C & D Hydroponics) was used according to the manufacturer’s recommendations so that two 50-
litre capacity glass fish tanks were filled with 45 L of hydroponic solution. Thirty seedlings of the 
variety ‘Reed’ with heights ranging from 7 cm to 25 cm were obtained from Anderson’s Nursery, 
Duranbah, northern NSW. Seedlings were removed from pots and root systems were washed free of 
adhering soil with dH20. Seedlings still had seeds attached and were supported and stabilised by 
placement in circular holes in Perspex lids. Autoclave tape was used to further support seedlings 
whose seeds were too small to sit in the holes. Aeration was provided by a fish tank aeration pump 
to which two tubes with air diffusion stones were attached. Air diffusers were weighted down by 
being tied to 250 mL Schott bottles. Aluminium foil was taped around the outside of the tanks to 
reduce light exposure and therefore algal growth. The pH was adjusted to 4.5 using a Hanna 
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Waterproof pH/Electrical conductivity meter. Observations of plant and root health were taken one 
and two weeks after set-up. After two weeks, a white/blue precipitate was observed on some roots; 
therefore nutrient solutions were reduced to half-strength.  
 
2.3.1.2. Test of seedling health using Hoagland’s basal salt medium 
Fish tanks were filled with 45 L reverse osmosis (RO) water. Hydroponic Hoagland’s basal salt 
medium (Phytotechnology Laboratories ®) was added to water in tanks at a rate of 0.815 g/L to 
make half recommended strength solutions. Sides of fish tanks were covered with aluminium foil to 
exclude the light. Seedlings were placed in specially cut square sloped cavities in polystyrene lids 
and root systems were fully submerged in solution. Plants used were 21 ‘Hass’ seedlings and nine 
‘Reed’ seedlings obtained from Anderson’s Nursery. The following day, plants and nutrient 
solution were transferred to a clear plastic container lined with aluminium foil. Observations on leaf 
colour, presence of leaf necrosis and visual root system health were taken after six days.   
 
2.3.1.3. Test of seedling health and root production in Hoagland’s basal salt medium and tap 
water 
In order to test if there is an observable difference in health and root production between seedling 
avocados grown in tap water and seedlings grown in 0.4 x Hoagland’s basal salt media (0.652 g 
media/L RO water), 24 avocado seedlings of varieties ‘Reed’ and ‘Hass’ were grown in two 
aluminium foil-lined plastic containers with the following dimensions: length = 47 cm, 
width = 30 cm and depth = 28 cm. Root systems were completely submerged in either Hoagland’s 
solution or water. Lids were constructed from black Corflute®, and ‘stability collars’ were 
constructed from polystyrene, to reduce the likelihood of avocado seedlings toppling. Bamboo racks 
were also constructed in order to act as a barrier to seedlings falling over. After eight days in the 
respective growth solutions, comparative root system health and the production of new roots was 
assessed.   
 
2.3.1.4. Expansion of hydroponics systems  
Four 50 L opaque plastic storage containers with the dimensions length = 57 cm, width = 47 cm and 
depth = 29 cm were obtained. Twelve 6 cm-diameter holes were drilled in each lid. An Aquatopia 
Silent Pro Air Pump 003 with double air outlet was rigged in series using black irrigation piping to 
provide aeration to each tank. Polystyrene stability collars measuring 7 cm2 were placed over the 
holes.  Sixteen seedlings each of the varieties ‘Hayes’, ‘Reed’ and ‘Duke 6’ were obtained and inset 
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onto each collar. Six days after commencement, the pH in each tank was measured and general 
plant health was observed. After another nine days, two x 5 L plastic jugs filled with wet sand and 
wiped with ethanol were placed in the bottom of each tank in order to reduce the volume of nutrient 
solution required in each tank.  
 
2.3.2. Different inoculation methods 
2.3.2.1. Test of different inoculation methods of plants growing in hydroponics 
After a further two weeks of growth in hydroponics in the system described in 2.3.1.4., aeration was 
switched off and both tanks were inoculated with P. cinnamomi using different methods.  
P. cinnamomi inoculum was introduced into the first tank in cheesecloth bags. Briefly, 15 plugs of 
P. cinnamomi grown on 10% CaV8 agar cultures (15 g/L agar, 100 mL/L V8 juice, 2 g/L CaCO3) 
were placed on squares of cheesecloth and tied into small bags of approx. 2 cm diameter. Bags were 
suspended from the stem of each plant just above the seed using fishing line, so that bags hung 
amongst the root systems. The second method of inoculation involved taking 195 plugs of 
P. cinnamomi grown on 10% V8 agar and dropping them into a tank. Individual roots were sampled 
at 24 hpi, 48 hpi and 72 hpi. Harvested roots were washed with water and stored in 50% ethanol in 
40 mL Falcon tubes which were stored at 4 °C until staining. The root staining procedure of Grace 
& Stribley (1991) was followed. Roots were digested in 10% w/v KOH at 90 °C in test tubes in a 
beaker of boiling water for 30 minutes before bleaching for 10-30 minutes at room temperature in 
alkaline hydrogen peroxide (3 mL 20% v/v NH4OH in 30 mL 3% v/v H2O2). Subsequently, roots 
were rinsed in three changes of tap water and then acidified in 2% v/v HCl until roots appeared 
white. Roots were stained in aniline blue solution (0.05% w/v aniline blue in 70% v/v glycerol) and 
destained for five minutes at 90 °C in 70% glycerol. Roots were mounted on slides in destaining 
solution and examined using a light microscope.  
 
The lid of one of the hydroponics tanks (with avocado seedlings still in place) was moved from the 
nutrient solution to a wooden frame for easy access to root systems. Two roots per plant were 
placed in an Eppendorf tube containing 1 mL P. cinnamomi zoospore suspension of 103 spores/mL 
produced using an altered method of Byrt & Grant (1979). Briefly, P. cinnamomi isolate 
BRIP 59174 was initiated on 10% v/v CaV8 juice agar. After 48 h incubation in the dark at 23 °C, a 
piece of colonised agar from the colony edge was placed in the centre of a 6 cm circle of steam-
sterilised muslin placed in the middle of a fresh 10% CaV8 plate. Plates were incubated as 
described above for 72 h, after which P. cinnamomi- colonised muslin was placed in Petri dishes 
containing approx. 15 mL of 5% v/v cleared CaV8 broth. After a further 24 hours incubation, 
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colonised muslin was rinsed three times in mineral salt solution, the composition of which is 
described in Chen & Zentmyer (1970). Individual muslin circles were placed in sterile 250 mL 
volumetric flasks containing 50 mL mineral salt solution. Flasks were shaken at 65 orbits per 
minute (opm) for approx. 40 hours. Colonised cheesecloth was rinsed twice in RO water, placed in 
fresh Petri plates containing approx. 20 mL RO water, and plates were placed at 2 °C for 20 
minutes to induce zoospore release. Peak zoospore release was approx. two hours after the cold 
shock. 
A second in planta inoculation was used whereby plants were removed from hydroponics tanks, 
laid horizontally with tips of roots placed over an 18 mm-deep Petri dish, and 20 µL of zoospore 
suspension was dropped onto the root. Two hours were allowed for encystment of zoospores. The 
concentration of zoospores was less than 1 x 104 zoospores/mL. In vitro inoculations were also 
trialled, whereby two detached roots were placed in zoospore suspension with a concentration of 1 x 
104 zoospores/mL.  
 
2.3.2.2. Test of symptom development after inoculation in Hoagland’s nutrient solution vs. 
water using beakers 
Four seedlings were removed from the fish tank, two were placed in 500 mL beakers filled with tap 
water and two were placed in 500 mL beakers filled with Hoagland’s nutrient solution transferred 
from a plastic hydroponics tank. Seeds of seedlings rested on lids cut from polystyrene. A 15 mL 
suspension of P. cinnamomi zoospore inoculum was added to each beaker at concentrations listed in 
Table 2.1 and presence of visible lesions was assessed at 15 hpi. 
 
Table 2.1. Concentrations of 15 mL Phytophthora cinnamomi zoospore inoculum added to 
Persea americana seedlings with roots suspended in beakers with 500 mL of reverse osmosis 
(RO) water or Hoagland’s nutrient solution (0.625 g/L).  
Beaker Solution Concentration (spores/mL) of 
15 mL Phytophthora 
cinnamomi zoospore suspension  
Total approx. no. zoospores 
(concentration x 15 mL) 
1 RO water 2.75 x 104 41.25 x 104 
2 RO water 1.75 x 104 26.25 x 104 
3 Hoagland’s  2.5 x 103 37.5 x 103 
4 Hoagland’s  3.0 x 104 45 x 104 
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2.3.2.3. Larger-scale beaker inoculation trial to test minimum time after inoculation for 
successful isolation of P. cinnamomi  
Twelve avocado seedlings were each placed in a 500 mL beaker filled with Hoagland’s solution at a 
concentration of 0.652 g/L. A 10-13 mL suspension containing 1 x 103 zoospores/mL was added to 
each beaker. Roots were harvested at 0 hours, 30 minutes, 1, 2, 3 and 4 hpi. Harvested roots were 
either stored in 50% v/v EtOH or snap frozen in liquid nitrogen for microscopic examination or 
used for isolations. Briefly, roots were surface sterilised using 70% EtOH for 30 seconds, sectioning 
into 4  x 2 mm segments, then segments were plated onto 2% CaV8 3P Phytophthora-selective 
media (25 mg/mL Pimaricin, 50 mg/mL Penicillin, 50 mg/mL Polymixin B). 
 
2.3.2.4. Test of root regeneration combining millet inoculations with root pruning  
Millet inoculum was prepared according to the method of Drenth and Sendall (2001). Briefly, 
40 mL distilled water was added to 40 mL millet seed. Excess water was poured off and moistened 
millet was autoclaved at 121 °C for 30 minutes in a 250 mL volumetric flask. Autoclaving was 
repeated the following day. Five – ten plugs of colonised agar were added to the flask, which was 
then incubated at room temperature in the dark. The flask was shaken daily to obtain an even spread 
of mycelium throughout. After two weeks, unground colonised millet was used for inoculation 
studies. Avocado seedlings of the varieties ‘Duke 6’, ‘Hayes’ and ‘Reed’ were used. Seedlings were 
germinated in peat/bark potting mix in square germination containers in a non-temperature-
controlled germination room. Six plants per variety were inoculated and six were uninoculated. A 
trimming treatment was applied to half of the uninoculated and half of the inoculated root systems 
whereby approximately half of the root system mass was removed with ethanol-cleaned scissors. 
Photographs of root systems were taken immediately prior to planting into 50/50 sand/perlite 
potting medium. Seedlings underwent periodic waterlogging for four weeks (three days flooding, 
four days free drainage), then were removed from pots and root systems were re-photographed. The 
colour analysis function in WinRhizo Pro 2007 (Regent Instruments, Inc.) imaging software was 
used to designate roots as either ‘light’ or ‘dark’. The percentage of ‘light’ and ‘dark’ roots was 
determined in images of root systems from before and after the inoculation experiment. To 
determine if there were any differences between seedling varieties in the concentration of 
P. cinnamomi propagules within potting media of inoculated plants, serial soil dilutions were 
performed. Six days after commencement of the inoculation experiment, at approx. 2 cm below the 
surface of each pot, a 0.5 mL sample of potting media was taken and two serial dilutions were 
performed (1:20 and 1:210) using 0.1% w/v agar. Droplets of soil: agar suspension (100 µL) were 
dropped onto Phytophthora-selective media with a base of 2% v/v clarified V8 juice ( + 2 g/L 
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CaCO3, 0.2 g/L Vancomycin sulphate, 0.625 mL Pimaricin, 0.1 g/L PCNB and 0.05 g/L 
Hymexazol). Concentration of infective propagules was determined by the observation of colonies 
with distinctive corraloid mycelium growing from droplets assessed after five days incubation in the 
dark at 23 °C.   
 
2.3.2.5. Testing suitability of sandwich bags for root system inoculations and general growth 
Sandwich bags were initially considered as a means of inoculating whole root systems. To test what 
volume of zoospore inoculum would be required for possible inoculations using sandwich bags, six 
avocado seedlings of the varieties ‘Duke 6’ and ‘Reed’ were placed in two 22 x 25 cm Glad® Snap 
Lock bags, sandwiched between two rows of clear Perspex. Perspex sheets were held together with 
40 mm fold back clips. The volume of zoospore suspension was determined by measuring the 
volume of water necessary to fill each sandwich bag.  For testing general growth in sandwich bags 
and see if avocado root systems can be grown 2-dimensionally to allow greater efficacy of root 
scanning software, root systems were placed in sandwich bags containing Perlite medium 
sandwiched between Perspex sheets. Varieties used were ‘Hayes’, ‘Reed’ and ‘Duke 6’. Perspex 
sheets were lined with aluminium foil in order to limit algal growth.  
 
2.3.3. Developing a method of non-destructive root sampling for measurement of inherent 
root growth  
Unless otherwise stated, plants were watered daily with 40 mL RO water from automatic drippers. 
 
2.3.3.1. Initial test of root growth into a bottom pot  
Four ‘Hayes’ and four ‘Duke’ seedlings were planted in 5-inch round plastic pots containing 
sand/perlite potting medium, with a large hole cut into the base covered with a layer of paper towel 
through which roots can grow. Eight unaltered pots were half-filled with sand/perlite and placed 
underneath each altered pot. Results were assessed approximately one month later. 
 
2.3.3.2. Test of dividing material between top and bottom pots 
Two ‘Zutano’ and two ‘Duke’ seedlings were planted in square 60 mm plastic pots in vermiculite 
media, where the base of the pot had been removed and replaced with 1.3 cm aperture chicken wire, 
over which was placed a layer of Chux® dishcloth. Root penetration through dishcloth was 
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assessed after two weeks. At this point, dishcloth was removed and replaced with a single layer of 
cheesecloth. Root growth through cheesecloth was assessed after a further five days.   
 
2.3.3.3. Optimisation of the 2-pot seedling growth system 
Two ‘A8’ and two ‘TW’ seedlings were planted in vermiculite in the 2-pot chicken wire and 
cheesecloth system using round pots. Roots were trimmed so that root systems just touched the 
cheesecloth. A graphical depiction of the 2-pot regeneration system is presented in Figure 2.1. 
Briefly, black plastic 100 mm diameter pots had their bases removed and replaced by 1.3 cm 
aperture chicken wire secured at four points around the base. A double layer of cheesecloth was 
placed on top of the chicken wire. Seedlings were removed from previous pots and root systems 
were washed briefly to remove adhering soil. They were then planted in the altered pots containing 
vermiculite medium. Seedlings were placed in the top pots such that root systems just touched the 
cheesecloth. Bottom pots (unaltered) were half-filled with vermiculite and an altered pot containing 
a seedling was placed on top. 
 
Figure 2.1. A schematic representation of the 2-pot regeneration system for repeated measures of 
avocado feeder root growth using 100 mm pots containing vermiculite potting media. The base of 
the upper pot is replaced with 1.3 cm aperture chicken wire and lined with cheesecloth. The dotted 
line shows the level at which feeder roots were harvested with scissors. 
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Heights of the ‘TW’ and ‘A8’ plants were measured from the top of the seed to the apex and the 
number of fully expanded leaves was recorded. After a further two weeks, plant measurements were 
repeated and root harvesting took place as follows:  Top pots were carefully separated from bottom 
pots, and adhering vermiculite was brushed back into bottom pots. Using scissors, roots were cut 
immediately below the chicken wire, and placed into disposable plastic cups filled with distilled 
water. Initially, excised roots were placed in a film of water on the top of a clear plastic lid placed 
on a blue background to be photographed. Subsequently, excised roots of individual plants were 
laid out onto a blue laminated paper background and photographed using a Canon Digital IXUS 
8 mp camera. This procedure was repeated after another fortnight, but at this time using a razor 
blade to harvest roots was trialled instead of scissors in order to remove feeder roots as close as 
possible to the chicken wire.   
 
2.3.3.4. Larger scale test of 2-pot system using more varieties 
A study was conducted using six seedling rootstock varieties whose genetic backgrounds are 
presented in Table 2.2.  
 
Table 2.2. Genetic origin of seedling avocado varieties used in pilot study 
of the 2-pot root regeneration system 
Rootstock Variety Genetic Background 
G = Guatemalan, M = Mexican, WI = West 
Indian 
Edranol Mostly G, some M 
Hass Mostly G, some M 
Velvick G x WI 
Esther G 
Whitsell Mostly G, some M 
A8 G 
 
Avocado seeds (fruit) were obtained from the DAF Maroochy Research Station in Nambour, 
Queensland. The 2-pot system was assembled as described in section 2.3.3.3. Seeds were extracted 
from fruit and scarified during removal then dipped in 2% v/v hypochlorite for five minutes before 
rinsing in distilled water. To encourage germination, thin slices were taken from the top and bottom 
of the seeds, which were planted in 1:1 sand/perlite. Seeds were watered five times a week. When 
seedlings were approx. three weeks old, they were transferred to the 2-pot system described above. 
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Three weeks after transplanting, plant heights were measured from the top of the seed to the plant 
apex, number of leaves counted, and notes were taken on general health. Every two weeks, roots 
were harvested and photographed as described in section 2.3.3.3. They were then placed in plastic 
weigh boats and were placed in a drying oven overnight at 40 °C to determine dry weight. At the 
same time, from each plant, one leaf of median size was selected and photographed in front of 
6 mm x 6 mm grid paper so that leaf surface area (cm2) could be determined. Total leaf surface area 
was estimated by multiplying median leaf surface area with the number of mature leaves of each 
plant. Photos of excised roots were analysed with WinRhizo Pro 2007 (Regent Instruments Inc.) 
root imaging software using the colour analysis function to delineate roots from background for 
total root length. Roots were drawn manually when the resolution of small roots was too poor to be 
discernible from the background. Fortnightly root harvests and corresponding observations were 
carried out four times, with five replicate plants per rootstock variety. Statistical tests were carried 
out using GenStat® (VSN International) 14th Edition. Root: shoot ratios were calculated using the 
following formula: (cumulative leaf surface area1 / root mass) x 100 where 1 = average leaf surface 
area x leaf number. Values for each variety were averaged across time points 2 weeks, 4 weeks and 
6 weeks. Potential differences between varieties were assessed using ANOVA. Pairwise 
comparisons were performed using Fisher’s protected least significant difference (LSD) test. 
Potential correlations between factors were assessed by simple linear regression.  
2.4. Results 
2.4.1. Plant establishment in hydroponics 
2.4.1.1. Initial test of seedling health using commercially available hydroponic solution 
The two-part media used in the initial hydroponics setup was too concentrated as a white/blue 
precipitate was present on some roots after seven days. Lateral roots and tap roots were observed to 
be blackening, although new root growth was still occurring. Two weeks after setup, algal growth 
was observed. Seedling health was sub-optimal; an alternate nutrient system was necessary as well 
as steps to reduce algal contamination.   
 
2.4.1.2. Test of seedling health using Hoagland’s basal salt medium 
Plants grown in Hoagland’s basal salt medium at the recommended rate (1.63 g/L) were observed to 
have suberised root tips 12 days after transfer to the system; therefore the nutrient concentration 
was likely to be too strong. It was determined that glass fish tanks were unsuitable containers to be 
used as hydroponics tanks due to the high likelihood of splitting and leaking. 
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2.4.1.3. Test of seedling health and root production in Hoagland’s basal salt medium and tap 
water 
However, in the test of 0.4 x recommended concentration of Hoagland’s solution vs. tap water, 
eight days after seedling transfer, seedlings in the Hoagland’s solution had noticeably darker green 
foliage and larger root systems with more root growth (Fig. 2.2). No necrosis was visible on 
growing roots, indicating that 0.4 x Hoagland’s solution was a suitable medium concentration for 
growing avocado seedlings in hydroponics in the short term. 
 
 
Figure 2.2. Comparison of root systems of Persea americana seedlings grown in hydroponics tank 
systems for eight days in tap water (L) vs. Hoagland’s basal salt medium (0.652 g/ L) (R). 
 
2.4.1.4. Expansion of hydroponics systems  
Despite using new and clean opaque hydroponics containers, algal contamination became a 
significant problem within six days after seedling transfer, as transparent slimy algae were attached 
to roots of several plants. After a further 14 days, a commercial algaecide Algaefix® Aquarium was 
added, but algal growth was not successfully arrested. The seedling variety ‘Hayes’ performed 
particularly poorly in this growth system, with most plants dying within four weeks. Due to the 
difficulties in containing algal contamination and the variable performance of different seedling 
varieties in hydroponic systems, hydroponics as a means of growing root systems was not pursued. 
2.4.2. Different inoculation methods 
2.4.2.1. Test of different inoculation methods of plants growing in hydroponics 
In the test of different methods of inoculating plants in hydroponics tanks, no hyphae were visible 
from roots sampled at 24 hpi and 48 hpi from root systems of plants that were inoculated by 
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colonised P. cinnamomi plugs added directly to tanks. When sampled at 72 hpi and 96 hpi however, 
masses of external hyphae were visible macroscopically at root tips. Hyphae were less visible on 
roots sampled from plants that were inoculated via plugs of P. cinnamomi-colonised agar suspended 
on cheesecloth bags. Figure 2.3 shows an inoculated root stained using the aniline blue method of 
Grace & Stribley (1991) with masses of hyphae that appear to be mostly growing on the root 
surface. It was very difficult to be confident of this however, or to observe the infection point in 
roots that were with extensive hyphal ramification. As hydroponics for growing root systems was 
not pursued, hydroponics used solely for inoculation experiments was also no longer feasible. 
 
Figure 2.3. Persea americana root tissue with Phytophthora cinnamomi ramifying through tissue 
harvested at 48 hpi stained using the aniline blue procedure described in 2.3.2.1 viewed with a 
40 x objective.  
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2.4.2.2. Test of symptom development after inoculation in Hoagland’s nutrient solution vs. 
water using beakers 
In the test of symptom development of roots of seedling root systems suspended in beakers of 
0.4 x Hoagland’s solution vs. water, no lesions were visible for Beaker 1 (RO water, 2.75 x 104 
zoospores/mL) and limited lesion development was observed on roots of the plant in Beaker 2 (RO 
water, 1.75 x 104 zoospores/mL) in the form of narrow (> 1 mm) brown bands behind several root 
tips and one root with a larger light brown lesion. On roots of the seedling in Beaker 3 (Hoagland’s 
solution, 2.5 x 103 zoospores/mL), no lesions were visible, but the seedling in Beaker 4 (Hoagland’s 
solution, 3 x 104 zoospores/mL), a light brown lesion was visible behind most root tips.   
2.4.2.3. Larger-scale beaker inoculation trial to test minimum time after inoculation for 
successful isolation of P. cinnamomi  
In a larger-scale beaker inoculation trial for the purpose of assessing recovery of P. cinnamomi from 
isolations, no P. cinnamomi was isolated from root segments harvested from plants at time points 0 
hours, 30 minutes, 1 or 2 hours. It was however, successfully isolated from 75% of roots harvested 
at 3 hpi and from 50% of roots harvested at 4 hpi. Successful isolations were largely made from 
tissue closer to root tips (data not shown).  
 
2.4.2.4. Test of root regeneration combining millet inoculations with root pruning  
In a trial to look at root regeneration in the presence of P. cinnamomi, after an inoculation period of 
four weeks, root systems of all inoculated seedlings were very rotten, which were prone to breakage 
from the heavy weight of sand/perlite media during root system assessments. Of the three varieties 
used, ‘Duke 6’ was the only variety with new unsuberised root growth observable. Uninoculated 
root systems also had copious suberised brown roots at the time of root system assessment. 
Attempts at using WinRhizo Pro to assess % white and brown roots of intact root systems was not 
viable as shadows and the three-dimensional nature of root systems obscured the accuracy of 
analyses based on root colour (data not shown).  
 
2.4.2.5. Testing possible use of sandwich bags for root system inoculations and general growth 
Inoculation of root systems of plants grown in sandwich bags was considered as an alternative to 
inoculation of root systems in beakers because the volume of water required to submerge root 
systems is reduced, therefore higher concentrations of zoospore inoculum can in theory be 
achieved. It was found however that the use of sandwich bags and Perspex sheets for growth and 
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inoculation experiments was problematic as algal growth was difficult to prevent, roots were 
stressed and root breakage was common.   
 
2.4.3. Developing a method of non-destructive root sampling for measurement of inherent 
root growth  
2.4.3.1. Initial test of root growth into a bottom pot  
In the initial 2-pot trial to investigate inherent root growth, it was ascertained that 1:1 sand/perlite 
media was too dense and compacted for roots to grow through unimpeded, which led to the use of 
vermiculite. It was also ascertained that removal of the entire base of the top pot was preferable to a 
single hole for roots to grow through.  
 
2.4.3.2. Test of dividing material between top and bottom pots 
Dish cloth as a dividing material between top and bottom pots was almost impenetrable to growing 
roots, which angled and coiled as growing root tips encountered the cloth. Unimpeded root growth 
was observed however in the following attempt using vermiculite media and cheesecloth as the 
dividing material.  
 
2.4.3.3. Further testing and optimisation of 2-pot experiment 
In the small trial of two ‘A8’ plants and two ‘TW’ plants, average dry weight of excised roots of 
‘TW’ seedlings was 0.025 g while the average dry weight of excised roots of ‘A8’ was 0.185 g. 
Plants of both varieties had similar numbers of fully expanded leaves (10.5 for ‘TW’ and 11 for 
‘A8’), but ‘A8’ plants were taller, averaging 38.5 cm compared to 34 cm for ‘TW’. Use of a razor 
blade to harvest roots was found to be awkward and difficult compared to scissors, and 
photographing excised roots in water was not ideal as there were too many shadows and light 
reflections.  
 
2.4.3.4. Larger scale test of 2-pot system using more varieties 
In the larger-scale study of inherent root growth across six seedling varieties, the seedling variety 
‘A8’ grew the most roots relative to leaf surface area, and thus its root: shoot ratio was significantly 
greater than all other varieties except ‘Velvick’ (Fig. 2.3). The root: shoot ratio of ‘Velvick’ was 
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significantly different to ‘Hass’, which had the smallest root: shoot ratio while those of ‘Esther’, 
‘Edranol’ and ‘Whitsell’ were intermediate but not significantly different to ‘Velvick’ and ‘Hass’.  
 
 
Figure 2.4. Relative root growth (dry weight of roots harvested fortnightly) divided by leaf growth 
(cumulative median leaf surface area) (root: shoot ratio) of seedling Persea americana varieties in 
the 2-pot root regeneration system (n = 5). Letters above columns represent significant differences 
(P ≤ 0.05) between varieties using Fisher’s protected least significant difference (LSD) test. 
 
2.5. Discussion 
Avocado feeder roots are sensitive to desiccation and to breakage. As such, it is very difficult to 
view root systems without causing significant disturbance to roots. In principle, hydroponic and 
aeroponic growth systems are useful for root studies as they eliminate problems associated with 
disturbing solid media (potting mix), but hydroponic growth systems are susceptible to algal (Conn 
et al., 2013) and Pythium contamination (Sánchez et al., 2000). In the current study, algal 
contamination was a significant problem in hydroponics tanks and in the attempts to grow seedlings 
two-dimensionally in sandwich bags using perlite media. Use of a commercial algaecide in order to 
try to combat algal contamination of hydroponics tanks was not successful. Algae and oomycetes 
(including P. cinnamomi) are Stramenopiles; therefore it is quite likely that addition of algaecide to 
hydroponics solution may inhibit successful inoculation with P. cinnamomi. As it was not possible 
to secure use of a clean glasshouse or germinate seeds in sterile conditions in the current study, use 
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of hydroponics was abandoned partially due to the high likelihood of algal contamination, the 
chemical control of which would impair the success of subsequent inoculation studies.   
George Zentmyer’s research group at the University of California Riverside successfully used 
hydroponics tanks as inoculation systems as part of a resistance screening programme (Zentmyer & 
Mircetich, 1965). They successfully used 425 L capacity temperature-controlled milk coolers, and 
Phytophthora inoculum used was colonised potato dextrose agar suspended in cheesecloth bags. 
The method was used successfully to test many thousands of plants of Persea and related genera for 
their tolerance to P. cinnamomi. Manthey & Crowley (1997) used 30 L hydroponic tank systems to 
test ‘Hass’ seedlings for physiological responses to Fe deficiency. Lobit et al. (2007) and Miyasaka 
et al. (1999) also successfully maintained avocado plants in hydroponic systems; however both of 
these studies employed the use of solid substrates to provide root system support. Use of such 
substrates for studies of avocado has the added benefit of in-built root system aeration.   
 
It was found in the current study however, that use of hydroponics to grow avocado seedlings in 
tanks was problematic. Aeration was turned off immediately prior to inoculations of tanks in order 
to allow zoospores to swim to and encyst on roots unhampered by water circulation. During this 
time, roots would have been subjected to anoxia, which increases plant stress. In mature avocado 
trees, presence of root anoxia or hypoxia often causes a reduction in shoot and root growth, 
inhibition of leaf expansion, wilting of leaves and stems, leaf abscission and root necrosis (Schaffer 
& Whiley, 2002). Therefore, use of hydroponics systems for inoculation of avocado root systems in 
glasshouse studies is not ideal. Another drawback of inoculation of avocado root systems that are 
suspended in liquid media is that the technique allows for multiple cycles of zoospore encystment 
and infection of roots. After the addition of P. cinnamomi-colonised agar to the hydroponics 
tank/ beaker, sporangia form in solution and release infective zoospores at successive time points 
that are unknown to the researcher. Figure 2.3 is an example of a root colonised by P. cinnamomi in 
liquid media, which has been exposed to repeated cycles of infection. Therefore, for histological 
studies requiring precision, inoculation with pre-prepared zoospore suspension is ideal, as the time 
of infection is known. By contrast, for pathogenicity studies using potting media, the flooding 
period at the start of the procedure is recommended in order to provide sufficient time and free 
water to encourage multiple rounds of sporangia formation and zoospore release, leading to high 
rates of infection.  
 
Attempts in the current study to train avocado plants to grow two-dimensionally in sandwich bags 
were abandoned due to the presence of algae and the high likelihood of root breakage during 
handling and establishment between Perspex plates. Feeder roots are fibrous and fleshy; therefore 
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root systems do not respond well to being pressed and coerced to adopt a different shape. Avocado 
feeder roots are also very sensitive to dehydration. When hydroponics-grown plants were removed 
from solution, feeder roots began to dry out within fifteen minutes (data not shown). This indicated 
that maintenance of high humidity when working with feeder roots is imperative in order to avoid 
suberisation due to drying out. In root growth studies by Kellam and Coffey (1985) and Gabor and 
Coffey (1990), the root + soil mass was left intact as the risk of plant death was regarded as too high 
from bare rooting (i.e. removal of soil from the root zone). In the current study, it was found that 
suberisation of root systems often occurred after plants were transferred from one root growth 
media to another, for example, from pots containing peat/bark to hydroponic solution, or from 
peat/bark to vermiculite (data not shown). This suggests that root systems experienced a degree of 
hydraulic stress during transfer, despite efforts to limit periods of drying out. 
 
It was also ascertained that selection of appropriate solid potting media is important in studies of 
avocado feeder root growth, as dense media such as river sand can be difficult for roots to grow 
through. Bulk density is the calculation of soil dry weight divided by its volume. A soil bulk density 
of less than 0.7 is necessary for penetration by avocado roots, therefore compacted soils with bulk 
densities between 1.6 and 1.8 do not allow feeder roots to grow through (Durand & Claassens, 
1987). Heavy potting media has the added drawback of causing substantial root breakage when 
removing pots and exposing root systems during assessments.  
 
During the development of methods for measuring root growth across different seedling varieties, it 
was realised that the methods of investigation of root regenerative ability in the absence of 
P. cinnamomi needed to be separate from investigations of root growth in the presence of the 
pathogen. For this reason, the 2-pot inherent root growth system was developed. The 2-pot growth 
trial using six seedling varieties used a method of estimating mature leaf surface area that was not 
thorough enough to give an accurate value of total photosynthetic area for each plant. For this 
reason, subsequent experimentation detailed in the next chapter used an estimate of the total mature 
leaf surface area by measuring length and width of every mature leaf. The study of root: shoot ratio 
across six seedling varieties found that ‘A8’ had the greatest mass of excised roots relative to leaf 
surface area, followed by ‘Velvick’, ‘Esther’, ‘Edranol’, ‘Whitsell’ and ‘Hass’ produced the least 
roots compared to leaf surface area. Root: shoot ratios determined in the current study do not reflect 
known field resistance. A major limitation in the current study was that cotyledons were not 
removed. Seeds differed greatly in size between seedling varieties; ‘Velvick’ seeds were the largest 
and ‘Hass’ seeds were the smallest. It is likely that differences in the size of the maternal 
carbohydrate source influenced the data, as it indicates that  small-seeded ‘Hass’ produced the least 
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amount of roots relative to leaf surface area, while large-seeded ‘Velvick’ produced the second 
largest amount of roots relative to leaf surface area. Replicated trials investigating inherent root 
growth and root growth in the presence of P. cinnamomi are described in Chapter 3 using seedlings 
that have the seed removed, to remove the maternal carbohydrate store and accordingly eliminate 
the bias in cotyledon size between varieties.  
 
The current chapter has described testing of different inoculation methods as well as the 
development of a non-destructive system for making repeated measurements of root feeder root 
growth of avocado plants. On the path to developing this method, growth and maintenance of 
avocado seedlings in large hydroponics tanks was trialled, as well as training root systems to grow 
two-dimensionally in sandwich bags. Vermiculite was found to be a more suitable media for studies 
of root growth than sand: perlite, which was too dense, and more suitable than liquid hydroponic 
solution, which in the current study was too prone to contamination. Despite the many difficulties 
associated with studying avocado feeder roots, a reliable and non-lethal method was developed to 
investigate feeder root growth of avocado plants in response to root trimming treatments in the 
glasshouse in relation to photosynthetic area of ‘source’ leaves. The system also allows the upper 
portion of the root system to remain undisturbed while feeder roots can be harvested from the lower 
pot for downstream applications.  
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Thesis	Chapter	3	–	Inherent	root	growth	of	avocado	seedling	
varieties	and	plant	health	after	infection	by	Phytophthora	
cinnamomi	
 
3.1. Abstract  
The current study investigates differences in inherent root growth of young avocado seedlings and 
their ability to withstand infection by Phytophthora cinnamomi. Inherent root regenerative ability 
was assessed using a 2-pot root harvesting system with three root trimming events at different 
intervals. Root growth in the presence of the pathogen was studied following amendment of potting 
media with P. cinnamomi-colonised millet seed. Using the 2-pot system for investigating feeder 
root growth in relation to total surface area of mature leaves, ‘Hass’ had the greatest root: shoot 
ratio in replicate experiments, although varietal differences were not significant within experiments. 
Significant varietal differences were found in average diameter of excised roots (P < 0.001 for both 
experiments) but these differences were not consistent between replicate experiments. In the first 
experiment, ‘Reed’ and ‘Velvick’ had the thickest excised roots, but in the second, ‘Skhirate’ and 
‘A10 x Velvick’ roots were the thickest. For both experiments, increased frequency of root 
trimming events reduced total root growth and consequently root: shoot ratios. For the assessment 
of root system health and wilting of plants after inoculation with P. cinnamomi, significant 
differences between varieties in degree of visible wilting were evident in the repeated experiment 
(P < 0.001) but not the first. The West Indian variety ‘Skhirate’ had the greatest degree of visible 
wilting, and ‘Edranol’ seedlings had no visible wilting. No significant differences in root necrosis 
ratings were found between varieties, and varietal effects were also different between repeated 
experiments.  
 
3.2. Introduction 
The main functions of roots are anchorage to a substrate and water and mineral uptake. Secondary 
root functions are photoassimilate storage, the production of growth hormones and propagation (in 
some species) (Fitter, 2002).  Attributes of avocado root systems have evolved to suit the slightly 
acidic, litter-rich, fast-draining rainforest soils from which they originate. Root systems are 
relatively shallow, with most growth occurring in the top 60 cm of soil (Lahav & Whiley, 2002) and 
they do not spread much further than the drip line of the canopy.  
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Phytophthora root rot is a soil-borne disease caused by Phytophthora cinnamomi, which destroys 
the feeder root system. Over the last century, production of avocado in many areas has been limited 
by the disease (Ploetz et al., 2002, Dann et al., 2013). Recommended management practices include 
planting in well-draining soil, careful monitoring of organic and inorganic nutrition, phosphonate 
applications, and use of commercial rootstocks with tolerance to the disease. Elite rootstock 
selections are subjected to years of glasshouse and field testing; however the mechanisms of 
resistance to the disease are poorly understood.  
 
Possible mechanisms of resistance that have been previously identified are the ability to ‘escape’ 
pathogen attack through compensatory root growth (Kellam & Coffey, 1985, Gabor & Coffey, 
1990, Ben-Ya'acov & Michelson, 1995), reduced ‘attractiveness’ of feeder roots of field resistant 
varieties compared to susceptible varieties (Botha et al., 1990, Aveling & Rijkenberg, 1991, 
Christie, 2012), inhibition of zoospore germination (Christie, 2012), structural responses such as 
deposition of callose papillae as a barrier to hyphal growth (Phillips et al., 1987, Christie, 2012), 
production of a protective cell layer (Phillips et al., 1987, Phillips et al., 1991, Pozniak & Pinkas, 
1996) or other biochemical responses (Christie, 2012, Sanchez-Perez et al., 2009).  
 
Several studies have investigated regenerative ability of roots of different avocado rootstock 
varieties in terms of inherent root growth in the absence of the pathogen as well as plant and root 
system parameters (e.g. root system and shoot dry weight) after a period of exposure to the 
pathogen. Kellam & Coffey (1985) studied the responses of susceptible ‘Topa Topa’ and resistant 
‘Duke 7’ and ‘G6’ to Phytophthora root rot, as well as their inherent root growth. The technique 
they used to measure inherent root growth was to prune half of the root system + soil mass (as a 
combination of 50% root loss and bare-rooting would have been fatal to the plants) before 
transplantation into larger pots with uninfested soil. Root and shoot dry weights were recorded after 
four weeks growth, and inherent root growth determined by comparison with un-pruned control 
plants.  Root pruning was observed to have a stimulatory effect on ‘Duke 7’ and ‘G6’, as root 
weights increased significantly across two separate experiments. Root dry weights of pruned vs. 
unpruned ‘Topa Topa’ were not significantly different. In a corresponding study where plants were 
planted into pots containing field soil naturally containing P. cinnamomi, soil populations of P. 
cinnamomi around ‘Duke 7’ and ‘G6’ roots differed. At the end of the study (20 weeks), soil 
populations were 55 and 14 propagules per gram (ppg) respectively, but soil populations around 
‘Topa Topa’ were similar to ‘Duke 7’ at 42 ppg. Percentage root infection of ‘Topa Topa’ was 
consistently greater than ‘Duke 7’, which was greater again than ‘G6’. The main basis of resistance 
of the rootstock variety ‘Duke 7’ was proposed to be the production of more roots than P. 
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cinnamomi is able to destroy, as they had a high root growth potential but supported a high level of 
P. cinnamomi in the rhizosphere. The main basis of resistance of ‘G6’ appeared to be through an 
alternative resistance mechanism, as root infection rates were less and propagules of P. cinnamomi 
in the rhizosphere were fewer.  
 
In a similar study, root growth potential and P. cinnamomi-induced changes in shoot and root dry 
weights were assessed across the varieties ‘Thomas’, ‘Martin Grande’, ‘Barr Duke’ and ‘Topa 
Topa’ plants (Gabor & Coffey, 1990). The root-pruning technique described above was used to 
assess root growth potential (inherent root growth). Resistant rootstock varieties ‘Thomas’ and 
‘Martin Grande’ were found to have higher root growth potentials than ‘Barr Duke’ and the 
susceptible cultivar, ‘Topa Topa’. The parameter measured was the % reduction in root system dry 
weights of root-pruned plants relative to unpruned plants after 24 weeks. The effect was least for 
the resistant varieties ‘Martin Grande’ and ‘Thomas’ (18% and 33% respectively), and 47% and 
49% respectively for susceptible varieties ‘Topa Topa’ and ‘Barr Duke’. To assess resistance to the 
pathogen, a long-term inoculation experiment (24 weeks) was carried out with root disease and 
plant health assessments at the end.  Measured at 24 weeks, ‘Thomas’ root systems supported the 
greatest levels of P. cinnamomi propagules in the rhizosphere (42 ppg). This finding may have been 
associated with root system size however, as ‘Thomas’ and ‘Martin Grande’ plants had significantly 
less reduction in root system dry weight due to inoculation with P. cinnamomi (relative to non-
inoculated controls). The percentages of necrotic roots for ‘Thomas’ and ‘Martin Grande’ were 
significantly less than ‘Topa Topa’. The results obtained from this study indicate that a substantial 
component of resistance for ‘Martin Grande’ and ‘Thomas’ is root regenerative ability, but they 
also have other resistance mechanisms.  
 
Root regenerative ability as a component of resistance has been measured in interactions between 
other Phytophthora species and commercial crops. Graham (1990) studied root regenerative ability 
of citrus rootstocks in response to Phytophthora parasitica and subsequently Phytophthora 
nicotianae (Graham, 1995). Graham (1990) exposed root systems of different rootstocks to different 
P. parasitica inoculum concentrations (0, 0.5, 1, 5 and 10 chlamydospores per cm3). Susceptible 
rootstocks had higher disease severities at higher inoculum densities while at lower inoculum 
densities, the tolerant rootstocks trifoliate orange and ‘Swingle’ citrumelo produced more fibrous 
roots than the uninoculated controls. The study by Graham (1995) involved root pruning of citrus 
seedlings before a 2 mm mesh screen was fixed to the tap root in order to delineate undisturbed and 
pruned roots. In one experiment, seedlings with attached screens were transplanted to pots 
containing P. nicotianae or left as uninoculated controls. The second experiment was similar, but 
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used infested soil only and plants were exposed to warmer temperatures. Tolerance to root rot was 
associated with greater regeneration of fibrous roots of undisturbed and pruned roots of the tolerant 
varieties ‘Swingle’ citrumelo and trifoliate orange. Root regeneration has been investigated in the 
Phytophthora rubi- raspberry pathosystem (Valenzuela-Estrada et al., 2012). Seven red raspberry 
cultivars with varying degrees of resistance were selected, which included the highly resistant 
‘Summit’, ‘Cascade Bounty’ and ‘Cascade Delight’, moderately resistant ‘Meeker’ and ‘Tulameen’ 
and susceptible cultivars ‘Malahat’ and ‘Saanich’. Using a field trial with naturally infested soil, 
depth and volume of root growth was assessed as well as suberin deposition and P. rubi infection 
levels using quantitative PCR (qPCR). Results suggested that known field resistance was associated 
with rapid root production and deposition of exodermal suberin. In response to challenge with 
P. cinnamomi, root regeneration has been observed in Eucalyptus (Halsall, 1978, Cahill et al., 
1989). Halsall (1978) observed that root and shoot growth reduction caused by P. cinnamomi 
infection was greater in the susceptible E. sieberi than in the field-resistant E. maculata seedlings.  
Cahill et al. (1989) observed the infection process of P. cinnamomi across 13 Australian plant 
species including three species of Eucalyptus. For all species, within 24 hours of inoculation with P. 
cinnamomi, root growth ceased, but for resistant species, growth had resumed within 48 hours. 
Results of these studies showed that resistance of various plant species to infection with pathogenic 
Phytophthora was frequently associated with greater root regenerative ability. 
 
The overall aim of this study is to investigate root regeneration in terms of inherent root growth 
ability of seedling avocado rootstock varieties in relation to total photosynthetic area of plants and 
in response to root trimming. Also, these results will be contrasted with root system health and 
wilting data from an inoculation experiment. We seek to quantify root regenerative ability of 
avocado seedlings across a range of avocado germplasm spanning the three ecological races of 
avocado. This is the first study of its kind to investigate inherent root growth of avocado seedlings 
of diverse backgrounds in relation to the surface area of mature leaves. Comparison of this data 
with the results of the inoculation study will indicate whether inherent root growth is associated 
with greater resistance to Phytophthora root rot of seedlings under glasshouse conditions.  
 
The specific research questions are:-  
 
ia.) Do some seedling rootstock varieties have greater inherent root production than others and are 
there differential responses to mechanical root removal?  
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ib.) Are there differences between seedling rootstock varieties in average diameter and density of 
excised roots according to trimming treatment? 
 
ii.) Are there differences between seedling rootstock varieties in root system health and visible 
wilting as a result of infection with P. cinnamomi? 
 
The hypothesis tested in question ia is that there will be significant differences among varieties in 
root growth in comparison with total mature leaf surface area and there will be different responses 
to root trimming treatments and these differences will correlate with known field susceptibility. The 
hypothesis tested in question ib is that there will be significant differences among varieties in 
average diameter and density of excised roots that will have an association with known field 
susceptibility. The hypothesis tested in the inoculation study is that there will be differences among 
varieties in root system health and visible wilting in response to inoculation with P. cinnamomi that 
will correlate with known field susceptibility. 
 
3.3. Materials & methods  
 
3.3.1. Pathogenicity test 
A pathogenicity test was conducted to select an isolate for all inoculation experiments using the 
varieties ‘A8’, ‘Esther’, ‘Velvick’, ‘Hass’ and ‘Reed’. Seed of ‘A8’, ‘Esther’ and ‘Velvick’ were 
obtained from the Maroochy Research Station in Nambour, Queensland, while ‘Hass’ and ‘Reed’ 
seed were also obtained from Mr Russell Delroy, Delroy Orchards, Pemberton, WA. Seed was 
germinated in 1:1 coarse sand/perlite either in square pots or seed flats.  When seedlings were 
approximately 20 cm high approx. 5-7 months after sowing, they were planted in round 100 mm or 
125 mm diameter pots containing vermiculite potting medium.  Plants were transferred to UC mix 
for two months prior to the inoculation experiment. Plants were fertilised weekly with Aquasol® 
(Hortico™, N: P: K = 23:4:18) at a rate of 1.8 g per L water. The two P. cinnamomi isolates used in 
the study were the Herbarium isolates BRIP 49801 and BRIP 59174. Isolate BRIP 49801 was 
obtained from Syzygium bamagense also known as Bamaga Satin ash, in Cairns, Qld in May 2007. 
This isolate was selected as the source host and location contrasted greatly with the isolate for 
which pathogenicity and aggressiveness was to be tested. Isolate BRIP 59174 was obtained by the 
author from soil in a P. cinnamomi – infested avocado orchard in Childers, Qld in November 2011.   
The identity of BRIP 59174 was verified by microscopic examination and sequencing of the Lpv3 
gene region as described in Kong et al. (2003). Inoculated millet was prepared according to the 
71 
 
methods described in Drenth & Sendall (2001). Briefly, 40 mL of millet was soaked overnight in 
dH2O in an Erlenmeyer flask. Excess water was decanted, and millet was autoclaved on two 
consecutive days. Flasks were inoculated with 10 to 20 pieces of P. cinnamomi – colonised CaV8 
juice agar, and incubated in the dark for two and a half weeks, with daily shaking to obtain an even 
spread of inoculum. The numbers of plants used in the pathogenicity test are presented in Table 3.1: 
 
Table 3.1. Numbers of plants of each seedling Persea americana variety used in the 
pathogenicity test comparing two Phytophthora cinnamomi isolates 
Rootstock 
Variety 
Uninoculated 
control 
Inoculated with Isolate 
‘BRIP 49801’ 
Inoculated with 
Isolate ‘BRIP 59174’ 
Total Plants 
A8 1 4 4 9 
Velvick 1 5 5 11 
Hass 1 3 3 7 
Reed 2 4 4 10 
Esther 1 4 4 9 
 
The potting media used for the study was 1:1 vermiculite/UC mix. The rationale for using this 
combination was to combine the benefits of a nutrient-rich medium with beneficial microbial 
activity with the lightness and excellent water-holding capacity of vermiculite. The millet inoculum 
was manually mixed into the potting media at a rate of 1 g per 1 L potting medium.  
 
To minimise damage to root systems during the re-potting process, plants were laid flat as pots were 
removed, and root systems were gently shaken free of soil. To avoid osmotic stress, root systems 
were not washed before re-potting. Cotyledons that remained attached to plants were not removed, 
as the simultaneous stress could have influenced susceptibility to the pathogen. Seedlings were 
taken to a controlled temperature glasshouse and positioned arbitrarily on the bench. Automatic 
drippers that provide 40 mL water per day were attached to each pot. Plants were also hand-
watered, and water logging commenced the following morning by placing saucers under pots.  
 
All pots were subjected to an initial five-day flooding step. After five days, saucers were removed 
to allow free drainage. Automatic irrigation was supplemented with manual watering three times a 
week, and Aquasol® fertiliser was applied once a week at the rate mentioned above.  
 
Five weeks after the ‘free drainage’ period, plants were assessed for above-ground symptoms and 
root system necrosis. Data were collected on height, presence or absence of wilting of leaves and 
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general plant health was observed. Photographs were taken of both above- and below-ground 
portions of the plants. In order to minimise root system damage from the weight of potting medium, 
plants were removed from pots underwater. For ratings of root system necrosis, whole root systems 
were photographed against a green background using an improvised tripod at a height of 50 cm. 
Approximately four roots measuring 4 cm in length were sampled from each root system. Pathogen 
isolations were carried out from roots of each plant. Roots were surface sterilised by rinsing for 30 
seconds each in 70% v/v EtOH, 50% EtOH, and sterile deionised H2O, respectively. Where 
possible, white and suberised roots were selected from each plant. Roots were sectioned into 
approx. 1 cm lengths before being embedded in Phytophthora-selective media. Selective media 
were either 2% v/v V8 vegetable juice agar or corn meal agar (CMA, 17 g corn meal agar/L). Both 
media contained 0.2 g/L Vancomycin sulphate, 0.625 mL Pimaricin, and 0.1 g/L PCNB. The 2% 
V8 media also contained 0.05 g/L Hymexazol. Plates were assessed for growth after several days’ 
incubation at room temperature, and segment colo°°ur and Phytophthora presence/absence was 
recorded. Presence of P. cinnamomi was determined based on the observation of distinctive 
corraloid mycelial growth when viewed under a light microscope.    
 
A rating scale for root system necrosis was developed. Photographs of root systems were compared 
to representative pictures corresponding to each level of necrosis. Table 3.2 below describes this 
system. 
 
Table 3.2. Root system necrosis rating scale for Persea americana for 
visual assessment of root system health for inoculation studies using 
Phytophthora cinnamomi  
Percentage white roots (%) Root system necrosis rating 
76-100 1 
51-75 2 
31-50 3 
11-30 4 
6-10 5 
1-5 6 
0 7 
 
Accuracy of necrosis ratings was verified by another person conducting a second independent 
assessment of root system pictures.  
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3.3.1.1. Data analysis 
Data from the pathogenicity test were analysed using Genstat 14th Edition, VSN International Ltd. 
Although root system necrosis ratings are categorical, discrete values, plotting the residuals 
revealed that the data did not violate assumptions of normality. REML model selection test revealed 
that there was no significant association between root necrosis and any of the following factors: 
observable foliar wilting, and whether P. cinnamomi was re-isolated from root tissue.  For these 
reasons, data were analysed using Unbalanced ANOVA. Linear regression models were tested to 
see which model best fit the data, insignificant terms were discarded, and the model selected 
included Rootstock variety + treatment. Significant differences between inoculation treatments 
(P. cinnamomi isolates and uninoculated control) were identified using Fisher’s protected least 
significant difference test. 
 
3.3.2. Measurement of inherent root growth 
Fruit of 10 different avocado rootstock varieties (20 to 30 each) were obtained from mature trees 
located at Anderson’s Nursery at Duranbah in northern NSW and Maroochy Research Station in 
Nambour, Queensland and planted in June 2013. For the second batch of experiments (inherent root 
growth and root growth in the presence of P. cinnamomi), the same seed was obtained the following 
year and planted in July 2014 (Due to a lack of availability, it was not possible to obtain seed of 
‘G1’ for the second round of experiments). The varieties obtained and their genetic backgrounds are 
presented in Table 3.3. It was not possible to obtain seed with a pure Mexican background due to 
seasonal availability. Avocado seeds were scarified during extraction from fruit, sterilised by 
dipping for 20 minutes in 4 x 10-4% v/v hypochlorite bleach solution with 2.5 x 10-4% v/v Bond® 
penetrant, and planted in peat/bark potting mix in 90 mm square germination containers. Seedlings 
were germinated in a non-temperature-controlled designated germination room with temperatures 
ranging from 10 °C to 25 °C ± 3 °C. 
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Table 3.3. Genetic origin and susceptibility/resistance of seedling Persea 
americana varieties used in glasshouse studies of inherent root growth and root 
system health in the presence of Phytophthora cinnamomi 
Rootstock Variety Genetic Background 
G = Guatemalan, M = 
Mexican, WI = West Indian 
Known 
susceptibility/resistance to 
Phytophthora root rot 
G1 M x G high 
Velvick WI high 
Kidd G high 
Hass Mostly G, some M medium/high 
A10 M x G medium 
Reed G low 
Edranol  Mostly G, some M low 
A10 x Velvick M x G x WI low 
Fuerte M x G unknown 
Skhirate WI unknown 
 
In order to standardise shoot size, emergent shoots of early-germinating seeds were cut back to just 
above the seed, while late shooting seeds were just beginning to sprout. As a result, approximately 
60% of the plants did not grow with their original shoots. Plants that exhibited a moderate amount 
of chimerism (leaves with malformed white patches) were discarded. Approximately seven weeks 
after the cut-back of shoots, seedlings were transported from the germination room at Duranbah 
back to the Ecosciences Precinct in Brisbane. Plants were fertilised once with Osmocote® granules 
(N: P: K = 9: 1: 4) as a top dressing at the rate of 2 – 3 g/L soil, and weekly with Aquasol® liquid 
fertiliser at the recommended rate of 0.56 g/L. Once > 90% of seedlings had at least six mature 
leaves, cotyledons were removed, to eliminate the effects of the carbohydrate store. Immediately 
afterwards, plants were fertilised with Aquasol® liquid fertilizer. Four weeks of growth and 
acclimatisation following cotyledon removal occurred under controlled glasshouse conditions at 
29 °C ± 3 °C. In the first year, before experimental use, an extra eight weeks passed before 
experimentation, due to seedlings of certain varieties not yet having a minimum of six mature 
leaves, but due to time constraints, this eight-week period did not occur in the second year. 
 
Plants were transferred to the 2-pot system described in Chapter 2. All top pots except those of 
‘Hass’ seedlings had their volumes increased by cutting pieces of black planter bags into 
rectangular strips then wrapping and attaching them around the outside of altered pots with sticky 
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tape and staples so that at least 5 cm extended beyond the top of the pot. Prior to planting into the 2-
pot system, plant attributes were measured, including shoot height from the shoot apex to the 
root/shoot junction, number of leaves, stem girth at the root/shoot junction, total leaf number, and 
general plant health. Height and girth of auxiliary stems were also measured using a ruler. Length 
and width at the widest point of each leaf on every plant was recorded, as well as whether it was a 
mature or immature leaf. For each leaf, the proportion of necrotic leaf surface area was also 
estimated, and later subtracted from gross leaf surface area.  
 
A method was developed to estimate leaf surface area. From each rootstock variety, three plants 
were selected arbitrarily and from each plant, two leaves were photographed against a background 
of 1cm2 grid paper. Surface area of leaves was determined manually on print-outs of leaf images, in 
conjunction with length and width. A surface area coefficient was calculated using the formula: a = 
b2/xy, where a = the leaf surface area coefficient, b2 = leaf surface area, x = leaf width at its widest 
point and y = leaf length. Using 1-way ANOVA in Genstat 14th Edition, no significant differences 
in coefficient values were observed between varieties. For this reason, a standard coefficient of a = 
0.663 was used to estimate leaf surface area of all leaves.  
 
Seedlings were grown in a glasshouse with once daily automatic irrigation of 40 mL. Manual 
irrigation was also provided three times a week. Plants were fertilised fortnightly with Aquasol® at 
the rate mentioned above, and fertigated fortnightly with ¼ strength Hoagland’s Basal salt solution 
(0.4075 g/L, Phytotechnology Laboratories). Eighteen plants per rootstock variety were planted into 
2-pot systems. Fortnightly root harvests and corresponding observations were carried out over an 
eight-week period. For each seedling variety, there were ten replicates harvested fortnightly, four 
plants harvested at 4 weeks and 8 weeks, and four untrimmed controls harvested at 8 weeks only. 
 
The root harvesting procedure was as described in 2.3.3.4. In order to maintain a constant resolution 
for photographs, excised roots were arranged on a laminated green background within a paper 
frame measuring 27.5 cm x 19 cm. A WinRhizo colour analysis of excised roots was performed as 
described in 2.3.3.4, but the parameter of projected area was selected as the main measurement for 
subsequent analyses. Projected area is the two-dimensional area that the roots occupy within the 
image. This parameter was deemed to be a more accurate measurement than total root length, as 
fewer assumptions are made about root length versus width. Fresh weights of excised roots were 
measured for the second experiment. Dry weight of excised roots was measured after drying 
overnight at 55 °C. Dry weights of excised roots were regressed against projected area of roots in 
root images to obtain a proxy for root density. This parameter (g/cm2) shall be referred to as density 
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furthermore throughout this chapter as WinRhizo calculations of projected area of roots (cm2) have 
a direct relationship with root volume (cm3). At the end of the assay, measurements of plant 
attributes and leaf surface area were taken again, according to the same procedure described above. 
Height: stem ratios were calculated by dividing the height of the main stem by main stem diameter 
measured at the bottom of the green stem. Change in height: stem ratio was calculated by 
subtracting the height: stem ratio measured at the start from the height: stem ratio measured at the 
end. Root: shoot ratios were calculated by dividing the projected area of harvested roots in root 
images with total mature leaf surface area measured at the end of the assay.  
 
3.3.2.1. Data analysis 
Statistical tests were performed using GenStat® (VSN International) 16th Edition. Unbalanced 
ANOVA was used to test for possible significance between plant and root measurements and 
trimming treatments and/or rootstock varieties. Pairwise comparisons were carried out using 
Fisher’s protected least significant difference (LSD) test. Repeatability of results between replicate 
experiments was assessed using Simple linear regression with variety as grouping factor. 
Correlations between dry weight of excised roots and projected area were assessed by major axis 
regression with 95% confidence intervals.  
 
3.3.3. Root system health and wilting after inoculation  
Fifteen plants per rootstock variety (see Table 3.5) were used for inoculation experiments to assess 
relative disease tolerance. The procedure followed was similar to the millet inoculations performed 
for the pathogenicity test described in 3.3.1, except that the water period was three days instead of 
five. For each rootstock variety, there were ten inoculated seedlings and five uninoculated control 
plants. In the first study, seedlings were approximately nine months old, while in the second study, 
they were approximately seven months old. Photographs were taken of above-ground plants and 
whole root systems at the start and the end of the 5-week inoculation period.  
 
Five weeks after initiation of the inoculation experiment, photographs were taken of above-ground 
plants and root systems. From each plant, three roots measuring approx. 4 cm in length were 
collected in plastic lidded tubes and stored at 4 °C until they were isolated from (maximum storage 
time = 48 h). The isolation technique was as described in 3.3.1 using selective media with a base of 
2% v/v V8 juice agar. 
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Using the rating system described in Table 3.2, necrosis was assessed for root systems 
photographed at the beginning and the end of the study. ‘Before’ and ‘after’ pictures of above-
ground plants were compared and assigned a rating of 0 = no change or better, 1 = slight wilting, 2 
= moderate wilting or 3 = severe wilting. Ratings were assigned on the basis of visible drooping of 
leaves. Table 3.4 shows representative before and after images to demonstrate leaf drooping 
corresponding to the different ratings.  
 
Table 3.4. Representative images of avocado seedlings corresponding to degrees of wilting after 5 
weeks exposure to Phytophthora root rot caused by Phytophthora cinnamomi 
 Rating = 0  
(no change or 
better) 
 Rating = 1 
(slight 
wilting) 
 Rating  
= 2 
(moderate 
wilting) 
 Rating = 3  
(severe wilting) 
 
Ratings for root system necrosis were performed as described in section 3.3.1. Wilting and necrosis 
ratings were verified by a second independent assessment from another person. The entire root 
system health assay was performed twice. 
 
3.3.3.1. Data analysis 
Root system necrosis and wilting data were assessed for statistical significance using ANOVA and 
isolation success data was assessed using binomial regression in GenStat® (VSN International) 
16th Edition. Non-normally distributed data were transformed according to the formula: x = ln(y + 
c) where c = half of the minimum unit. Bias-corrected back-transformations were performed 
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according to Hoyle (1968) and Kendall et al. (1983). Simple linear regression was used to assess 
potential relationships between root system necrosis and wilting, and to assess possible varietal 
differences, rootstock variety was selected as the grouping factor. 
 
3.4. Results 
3.4.1. Pathogenicity test results  
An unbalanced analysis of variance of ‘Rootstock + Treatment’ revealed that there were no 
significant differences between rootstock varieties (P = 0.178), but differences between isolates of 
P. cinnamomi used for inoculation were found to be significantly different (P < 0.001). As there 
were no significant differences between rootstock varieties, rootstock ratings across all varieties 
were pooled and presented in Figure 3.1, which shows the predicted means of inoculation 
treatments. Isolate BRIP 59174 from avocado soil caused the most severe necrosis of avocado root 
systems, with an average rating of 5.01. Isolate BRIP 49801 from Bamaga satin ash caused 
significantly less necrosis, with a mean rating of 3.06, while the mean necrosis rating of control 
plants that were not exposed to either isolate was 2.04. 
 
Figure 3.1. Comparison of the adjusted mean root system necrosis ratings of seedling rootstock 
varieties in response to inoculation with two different P. cinnamomi isolates ‘BRIP 49801’ or 
‘BRIP 59174’ or mock-inoculation. Letters indicate significant differences at a level of P ≤ 0.05. 
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Although there was no significant difference in incidence of wilting between isolates used for 
inoculation, twice as many plants inoculated with BRIP 59174 were observed to be substantially 
wilted after five weeks of exposure in comparison to BRIP 49801 (30% vs. 15%). No control plants 
were observed to be substantially wilted. Over the duration of the experiment, significant 
differences in plant heights between inoculation treatments were observed using 1-way ANOVA 
(P = 0.014). On average, control plants grew 5.17 cm in height, plants inoculated with BRIP 49801 
grew 2.13 cm in height, while plants inoculated with BRIP 59174 grew the least amount, with an 
average increase of 0.65 cm. The difference in height gain between plants inoculated with BRIP 
59174 and BRIP 49801 was not significant, however. 
 
Table 3.5 shows isolation frequency of P. cinnamomi from roots that were brown, black or grey in 
colour, and therefore presumably either suberised or infected. The data has been aggregated across 
all individual roots and rootstock varieties for each isolate. Phytophthora was more frequently 
isolated from root segments inoculated with isolate BRIP 59174 than isolate BRIP 49801. No 
Phytophthora was isolated from uninoculated control plants, but it was occasionally isolated from 
white root tissue of plants inoculated with either isolate (data not shown).   
 
Table 3.5. Frequency of Phytophthora cinnamomi isolation on selective media from 
1 cm feeder root segments from inoculated Persea americana  
Isolate used for 
inoculation  
no. root 
segments  
- P.c.  
no. root 
segments 
 + P.c. 
% positive 
isolationsa 
Total 
BRIP 49801 118 36 23 156 
BRIP 59174 81 84 51 165 
Control 22 0 0 22 
Total 221 120  341 
a
 Total no. plated root segments / no. segments positive for P. cinnamomi  
 
3.4.2. Inherent root growth  
For the first experiment, no significant differences were observed among varieties in change in 
plant height, number of mature leaves, change in total mature leaf surface area, or change in plant 
height: stem ratio. Change in number of immature leaves was significantly different among 
rootstocks (P < 0.001), and for change in mature leaf surface area, a significant interaction was 
found between trimming treatment and rootstock (P = 0.05, data not shown). During the second 
experiment however, the following physiological attributes were significantly different among 
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varieties: change in plant height (P < 0.001), number of immature (P < 0.001) and mature leaves 
(P < 0.001), change in total mature leaf surface area (P = 0.004) and change in height: stem ratio 
(P = 0.023) (data not shown). Variety ‘A10 x Velvick’ had the smallest increase in average height, 
at 0.933 cm, as well as the smallest change in number of mature leaves (0.944) and total mature leaf 
surface area (4.93 cm2). ‘Edranol’ plants had the largest change in immature leaf number (2.89), the 
largest increase in number of mature leaves (5.44), and the largest increase in mature leaf surface 
area (182.28 cm2). 
 
Trimming treatment had no significant effect on any above-ground plant physiology attributes. Across 
all plants (ignoring variety), significant differences between root: shoot ratios were observed between 
trimming treatments however, and differences were not consistent between the experiments (Fig. 3.2). 
In both experiments, plants that were trimmed only once at 8 weeks had the greatest root: shoot ratio, 
although the difference between one and two trims was not significantly different in the first 
experiment. Root systems subjected to fortnightly trimming (four trims) in the first experiment had the 
lowest average root: shoot ratio, which was significantly less than plants root-trimmed once or twice. 
In the second experiment however, plants that were trimmed twice had the lowest average root: shoot 
ratio, which was significantly less than four trims, which was significantly less again than one trim. 
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Figure 3.2. Average root: shoot ratio (total projected area of roots in images/total surface area 
mature leaves measured at time = zero) across all plants according to trimming treatment. For each 
experiment, columns surmounted by the same letter indicate values are not significantly different at 
P ≤ 0.05.  
 
A negative change in height: stem ratio indicates that the plant has grown taller relative to its girth 
over the duration of the experiment. For both experiments, trimming treatment had no significant 
effect on change in height: stem ratio (P = 0.936 and P = 0.412 respectively). Rootstock differences 
in change in height: stem ratio were almost significant in the first experiment (P = 0.063) and they 
were significant in the second experiment (P = 0.023). ‘Fuerte’ had the largest change (-1.03), 
followed by ‘Velvick’ (-0.98), ‘Skhirate’ (-0.94), ‘A10 x Velvick’ (-0.80), ‘Reed’ (-0.63), ‘Edranol’ 
(-0.50), ‘Hass’ (-0.42), ‘A10’ (-0.33) and ‘Kidd’ had the smallest change in height: stem ratio (-
0.1345).  
 
For both experiments, differences among varieties in total projected area of excised roots (sum of 
all measured excised roots per plant) were significant (P = 0.032 for Experiment 1 and P < 0.001 for 
Experiment 2). Figure 3.3 shows cumulative feeder root growth (projected area of excised roots) by 
seedling variety for each experiment. Root growth of each variety in Experiment 1 is greater than 
Experiment 2 (Fig. 3.3). In the first experiment, ‘Velvick’ had the largest amount of excised roots, 
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significantly more than ‘G1’, ‘Hass’, ‘A10’, ‘Edranol’, ‘A10 x Velvick’ and ‘Fuerte’. 
‘A10 x Velvick’, ‘A10’, ‘G1’, ‘Hass’ and ‘Fuerte’ were intermediate and significantly less than 
‘Velvick’, and ‘Hass’ root growth was least and significantly different to ‘Velvick’, ‘Skhirate’, 
‘Reed’ and ‘Kidd’. In the second experiment, the ‘Velvick’ excised roots value was greatest and 
‘Skhirate’ was second greatest, but the difference between the two was not significant. ‘Reed’, 
‘A10’, ‘A10 x Velvick’ and ‘Kidd’ were intermediate but not significantly different to each other, 
and ‘Fuerte’, ‘Edranol’ and ‘Hass’ had the least measured growth of excised roots, significantly less 
than ‘Skhirate’ and ‘Velvick’. Varietal differences in total projected area of excised roots are 
significantly similar between replicate experiments (P < 0.001).    
 
Figure 3.3. Differences between seedling rootstock varieties in the total projected area of excised 
roots in root images across all trimming treatments over 8 weeks. Within each experiment, 
significant differences between varieties are indicated by different letters above columns. Varieties 
are listed from left to right in order of known susceptibility to Phytophthora root rot (i.e. ‘G1’ is the 
most resistant). 
 
Trimming treatment differences in total root growth reflect the same significant differences as 
observed in root: shoot ratios for each experiment. For the first experiment, roots trimmed once had 
the greatest average cumulative projected area (80.08 cm2), which was not significantly different to 
‘2 trims’ (71.40 cm2), but roots trimmed four times had significantly less cumulative projected area 
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of roots (37.37 cm2). In Experiment 2, root systems trimmed once had the greatest projected area of 
excised roots (68.63 cm2), which was significantly greater than roots trimmed four times 
(32.60 cm2), which was significantly greater than roots trimmed twice (21.26 cm2).  
 
For both experiments, root: shoot ratios (total projected area of excised roots/total surface area of 
mature leaves at 8 weeks) were not significantly different among varieties (P = 0.50 and P = 0.30 
respectively). Figure 3.4 shows that for all varieties, values for Experiment 2 were higher than 
Experiment 1. In the first experiment, ‘Hass’ seedlings had the largest root: shoot ratio, followed by 
‘Skhirate’, ‘Reed’ and ‘Velvick’. ‘Kidd and ‘A10’ had equal values, followed by ‘Fuerte’, ‘A10 x 
Velvick’, ‘Edranol’, and ‘G1’ had the smallest root: shoot ratio. In the second experiment, ‘Hass’ 
also had the largest root: shoot ratio, followed closely by ‘Reed’, then ‘Velvick’, ‘A10’, ‘Kidd’, 
‘Skhirate’, ‘Edranol’, Fuerte’ and ‘A10 x Velvick’ had the smallest root: shoot ratio. A simple 
linear regression with rootstock as the grouping factor showed that a significant relationship 
between root: shoot ratios for both experiments was present (P = 0.006). This indicates that varietal 
differences in root production relative to surface area of mature leaves were significantly similar.   
 
 
Figure 3.4. Root: shoot ratios of 10 seedling rootstock varieties over two independent experiments. 
Values are calculated by dividing the total projected area of roots (cm2) by the total surface area of 
mature leaves (cm2) measured at T = 8 weeks. Values are adjusted means and bars indicate standard 
error. Varieties are listed from left to right in order of known resistance/susceptibility to 
Phytophthora root rot (i.e. ‘G1’ is the most resistant). 
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Figure 3.5 shows that the first time the 2-pot experiment was performed, there were complex effects 
between trimming treatment and rootstock varieties used in the study although the variety x 
trimming treatment interaction was not significant (P = 0.153). There were no significant varietal 
differences within trimming treatment groups (P = 0.414 for ‘4 trims’, P = 0.522 for ‘2 trims’ and 
P = 0.505 for ‘1 trim’. All rootstocks showed increased root: shoot ratios between 4 trims and 
1 trim. The trend of increasing root: shoot ratio in the order of ‘4 trims’ < ‘2 trims’ < ‘1 trim’ was 
observed for all varieties except ‘Reed’, ‘Velvick’ and ‘G1’, for which root: shoot ratios were 
greatest for ‘4 trims’, followed by ‘1 trim’ and ‘2 trims’. Within varieties, significant differences 
between trimming treatments were observed for ‘Kidd’, ‘Edranol’ and ‘Fuerte’. For ‘Kidd’ and 
‘Edranol’, plants subjected to ‘4 trims’ had significantly lower root: shoot ratios than ‘2 trims’ and 
‘1 trim’ plants. For ‘Fuerte’ seedlings, plants whose roots were trimmed once had significantly 
higher root: shoot ratios than those trimmed twice or four times. 
 
Figure 3.5. Experiment 1: Effects of root trimming treatments on root: shoot ratios for 10 varieties 
of avocado seedling over an 8-week period. Significant differences between trimming treatments 
within varieties (P ≤ 0.05) are denoted by letters. Varieties are listed from left to right in order of 
known resistance/susceptibility to Phytophthora root rot. 
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When the experiment was repeated, significant varietal differences were observed for plants that 
were trimmed four times or twice. For plants that received four trims differences between varieties 
were significant at P = 0.022. Root: shoot ratio of ‘Reed’ was highest, not significantly different to 
‘Velvick’ and ‘Hass’, but significantly higher than ‘Kidd’, ‘Skhirate’, ‘A10’, ‘Edranol’, ‘Fuerte’ 
and ‘A10 x Velvick’. ‘Velvick’ was only significantly greater than ‘A10 x ‘Velvick’ and ‘Hass’ was 
not significantly different to any other variety. For plants with root systems trimmed twice, varietal 
differences were significant at P = 0.006. ‘Velvick’ and ‘Kidd’ had the highest root: shoot ratios, 
followed by ‘Reed’, ‘A10 x Velvick’, ‘Fuerte’, ‘Edranol’, ‘Hass’, ‘Skhirate’ and ‘A10’. Root: shoot 
ratios of ‘Velvick’ and ‘Kidd’ were only significantly different to ‘Skhirate’ and ‘A10’. ‘Reed’ 
root: shoot ratio was significantly greater than ‘A10’. For plants that were trimmed once, varietal 
differences were not significant (P = 0.137). The overall interaction between trimming treatment 
and variety was significant (P = 0.002) for root: shoot ratio, but the relationships were different to 
the first experiment. Comparing Figures 3.5 and 3.6, the root: shoot ratios were higher for most 
variety x trimming treatment values in the second experiment (Fig. 3.6) than for the first 
experiment. For ‘Velvick and ‘Kidd’, root: shoot ratios were least for ‘4 trims’, intermediate for ‘2 
trims’ and greatest for root systems trimmed once. For all other varieties, root: shoot ratios were 
greatest for ‘1 trim’ plants, intermediate for ‘4 trims’, and least for plants subjected to 2 trims. The 
largest root: shoot ratio was observed for ‘A10’ plants that were only trimmed once, but the 
smallest root: shoot ratio was measured in ‘A10’ plants that were trimmed twice. Significant 
treatment differences were observed for ‘Velvick’, ‘A10’ x Velvick’, ‘Fuerte’, and ‘Skhirate’, were 
‘1 trim’ plants had significantly greater root: shoot ratios than ‘2 trims’ and ‘4 trims’ plants. For 
variety ‘A10’, root: shoot ratio of ‘4 trims’ plants was also significantly higher than ‘2 trims’ plants.   
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Figure 3.6. Experiment 2: Root: shoot ratios of nine avocado seedling varieties according to 
different root trimming treatments over an 8-week period. Significant differences between trimming 
treatments within varieties (P ≤ 0.05) are denoted by letters. Varieties are listed from left to right in 
order of known resistance/susceptibility to Phytophthora root rot. 
 
In the first experiment conducted over winter, there were no significant differences between 
trimming treatments (P = 0.945) or rootstock varieties (P = 0.381) in the change in total mature leaf 
surface area, but a significant interaction was present between trimming treatment and variety 
(P = 0.05) (Fig. 3.7). For ‘Fuerte’, ‘Hass’ and ‘Kidd’ plants, those subjected to one trim only had 
the greatest increase in total mature leaf surface area, plants that were trimmed four times had an 
intermediate gain, and plants trimmed twice had the smallest increase in total surface area of mature 
leaves. For ‘Skhirate’, the order of decreasing gain in mature leaf surface area was 1 trim > 2 trims 
> 4 trims, while for ‘A10 x Velvick’, ‘Edranol’ and ‘Reed’, the order was 2 trims > 1 trim > 4 trims. 
The order for ‘Velvick’ and ‘A10’ was 4 trims > 2 trims > 1 trim, and ‘A10’ plants subjected to one 
root trim had an average net loss of mature leaf surface area. For ‘G1’, plants that were trimmed 
twice had the greatest increase in mature leaf surface area, followed by 4 trims and 1 trim.  
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Figure 3.7. Differences between ten seedling rootstock varieties and trimming treatments in the 
average change in total surface area of mature leaves of plants during the eight weeks of 
Experiment 1. Varieties are listed from left to right in order of known resistance/susceptibility to 
Phytophthora root rot. 
 
In the second experiment, trimming treatment had no significant effect on change in total mature 
leaf surface area (P = 0.786), but significant varietal differences were observed (P = 0.004). 
‘Edranol’ seedlings had the largest increase in mature leave surface area (182.28 cm2), which was 
significantly greater than all other varieties. ‘A10’ and ‘Velvick’ followed, with 98.39 and 
90.87 cm2 respectively. ‘Kidd’ (81.72 cm2), ‘Skhirate’ (67.42 cm2), ‘Reed’ (64.23 cm2), ‘Hass’ 
(61.48 cm2) and ‘Fuerte’ (60.12 cm2) were intermediate, while ‘A10 x Velvick’ had the smallest 
increase in mature leaf surface area (4.93 cm2), but this was only significantly less than ‘Velvick’, 
‘A10’ and ‘Edranol’.  
 
In both experiments, there were significant differences among trimming treatments in average root 
diameter (P = 0.006 for Expt. 1 and P < 0.001 for Expt. 2) and among varieties (P < 0.001 for both 
experiments). In the first experiment, there was no significant difference between ‘1 trim’ and 
‘2 trims’ plants (1.43 mm and 1.425 mm respectively), but plants in the ‘4 trims’ group had 
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significantly narrower roots (1.339 mm). Root diameter results differed in the second experiment, 
where root systems that were trimmed once had significantly (P < 0.001) narrower roots 
(1.144 mm) than root systems that were trimmed twice or four times (1.275 mm and 1.296 mm 
respectively).  
 
Figure 3.8 shows that in the first experiment, ‘Reed’ and ‘Velvick’ had significantly thicker roots 
than all other rootstock varieties except ‘Kidd’. The rootstock with the narrowest roots was ‘Hass’, 
but this difference was only significant in comparison with ‘Kidd’, ‘Reed’ and ‘Velvick’. Root 
diameters of ‘A10’, ‘A10 x Velvick’, ‘Edranol’, ‘Fuerte’, ‘G1’ and ‘Skhirate’ were all intermediate. 
By contrast, ‘Skhirate’ excised roots were the thickest in the second experiment, but the difference 
was only significant in comparison with ‘Edranol’, ‘Hass’ and ‘A10’. Roots of ‘A10 x Velvick’ 
were the second thickest, and ‘Kidd’, ‘Velvick’ and ‘Fuerte’ root diameters were intermediate. A 
simple linear regression with rootstock as grouping factor showed that root diameters of excised 
roots were correlated between replicate experiments (P = 0.001).  
 
Figure 3.8. Differences in average root diameter of excised roots between 10 seedling rootstock 
varieties over two experiments. Letters above columns denote significant differences between 
varieties for each replicate experiment (P ≤ 0.05). Varieties are listed from left to right in order of 
known resistance/susceptibility to Phytophthora root rot. 
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For both experiments, for average root diameter, significant interactions were present between 
seedling variety and trimming treatment (P = 0.018 for Expt. 1 and P < 0.001 for Expt. 2). 
Relationships were not consistent between experiments, thus data is not presented.   
 
Total projected area of excised roots measured in the second experiment had a highly significant 
(P < 0.001) positive correlation (R = 0.8773, n = 155) with fresh weight of roots measured in the 
second inherent root growth experiment (data not shown). Therefore, total projected area of excised 
roots is an appropriate proxy for fresh weight. In replicate experiments, the linear relationships of 
dry weight of harvested roots versus total projected area (a proxy for density) vary according to 
trimming treatment. For both experiments, roots in the ‘1 trim’ treatment were the most dense 
(slope = 0.09266 and 0.008316 respectively), roots in the ‘2 trims’ treatment were intermediate 
(slope = 0.007931 and 0.007811 respectively), and roots measured in the ‘4 trims’ treatment were 
the least dense (slope = 0.006733 and 0.006901 respectively). Significant differences between 
trimming treatments were observed in the first experiment (Chi-square probability < 0.001), but 
were not observed in the second (Chi-square probability = 0.166). R-squared values in both 
experiments were > 0.9, except for the ‘4 trims’ treatment in the second experiment, which was 
0.52.  
 
Varietal differences in total dry weight vs. total projected area of roots were not consistent between 
experiments. A simple linear regression on ‘total projected area of roots / total dry weight of roots’ 
with variety as grouping factor showed that there was no significant relationship between replicate 
experiments (P = 0.213) (data not shown). In the first experiment, excised roots of ‘Kidd’ had the 
steepest slope (0.0096), followed by ‘Velvick’ (0.0092), ‘Fuerte’ (0.0090), ‘Reed’ (0.0087), ‘A10 x 
Velvick’ (0.0086), Skhirate’ (0.0077), ‘Hass’ (0.0075), ‘G1’ (0.0072), ‘A10’ (0.0071), and 
‘Edranol’ had the lowest value (0.0062). The value for ‘Kidd’ was significantly greater than ‘A10 x 
Velvick’, ‘Skhirate’, ‘Hass’, ‘G1’, ‘A10’ and ‘Edranol’. The slope for ‘Edranol’ was significantly 
less than all other varieties. By contrast, in the second replicate experiment, ‘Edranol’ had the 
steepest slope (0.0099), followed by ‘Reed’ (0.0086), ‘Velvick’ (0.0083), ‘A10 x Velvick’ (0.0082), 
‘Skhirate’ (0.0081), ‘Hass’ (0.0080), ‘A10’ (0.0072), ‘Kidd’ (0.0072) and ‘Fuerte’ (0.0070) had the 
lowest values. Slopes for ‘Edranol and ‘Reed’ were significantly steeper than ‘Kidd’ and ‘Fuerte’. 
The value for ‘Fuerte’ was significantly less than all other varieties except ‘Kidd’ and ‘A10’. The 
R-squared values for varieties in both experiments were above 0.9 for all except ‘A10’ in the 
second replicate experiment, with an R-squared value of 0.4329.    
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3.4.3. Root system health and wilting after inoculation  
For the change in root system necrosis, a highly significant difference was observed between means 
of inoculated and uninoculated plants for replicate experiments (P < 0.001 for both experiments). 
Change in root system necrosis was calculated by subtracting the necrosis rating of root systems at 
Time = zero from the necrosis rating at Time = 8 weeks. At the end of the first experiment, root 
systems of inoculated plants were more necrotic than uninoculated plants, with mean values of 2.6 
and 1.3 respectively. In the second experiment, the difference between inoculated and uninoculated 
plants was greater. Inoculated plants had an average change in necrosis rating of 3.7 in comparison 
to 0.6 for uninoculated plants. For inoculated plants in both experiments however, significant 
differences among varieties were not observed (P = 0.33 for the first experiment and P = 0.47 for 
the second). Figure 3.9 shows the change in mean root system necrosis rating of different seedling 
varieties across replicate experiments for inoculated plants only. For all varieties, the mean change 
in necrosis was greater in the second experiment than the first. In the first experiment, ‘Skhirate’ 
root systems had the largest change in necrosis rating, followed by ‘A10 x Velvick’, ‘Velvick’, 
‘Hass’, ‘Edranol’, ‘Reed’, ‘A10’, ‘Fuerte’, ‘G1’, and ‘Kidd’ had the smallest change in root system 
necrosis. In the second experiment, ‘Skhirate’ again had the biggest change in root system necrosis 
rating, followed by ‘A10’, ‘Edranol’, ‘A10 x Velvick’, ‘Fuerte’, ‘Velvick’ and ‘Hass’, ‘Kidd’, and 
‘Reed’ had the smallest change in root system necrosis rating.  A simple linear regression with 
‘variety’ as grouping factor showed that there was no significant correlation between results of both 
experiments (P = 0.403).  
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Figure 3.9. Mean change in necrosis rating of root systems of seedling rootstock varieties 
inoculated with P. cinnamomi over the course of 5-week inoculation experiments. Y-axis is the 
average of root system necrosis at Time = 5 weeks subtracted by root system necrosis at 
Time = zero. Necrosis ratings correspond to % visible white roots in root system images: 1 = 76-
100%, 2 = 51-75%, 3 = 31-50%, 4 = 11-30%, 5 = 6-10%, 6 = 1-5%, 7 = 0%. Error bars show 
standard error of subtracted necrosis values. Varieties are listed from left to right in order of known 
resistance/susceptibility to Phytophthora root rot. 
 
For both experiments, inoculated plants had significantly greater observable wilting than 
uninoculated plants (P = 0.011 and P <0.001 respectively on [natural log + 0.5] transformed data).  
In the first experiment, there were no significant varietal differences in observable wilting 
(P = 0.33), however significant differences were observed in the second experiment (P < 0.001) 
(Fig. 3.10). In the first experiment, ‘Fuerte’ plants had the highest average wilting rating, followed 
by ‘Hass’, ‘Edranol’, ‘A10’, ‘A10 x Velvick’, ‘Reed’, ‘Skhirate’, ‘Kidd’, ‘Velvick’, and ‘G1’ plants 
had the smallest average wilting rating. In the second experiment, ‘Skhirate’ plants had the largest 
average wilting rating, followed by ‘Fuerte’, ‘Hass’, ‘Reed’, ‘A10’, ‘Kidd’, ‘Velvick’, 
‘A10 x Velvick’, and ‘Edranol’ plants had the least observable wilting, in this case no plants were 
wilted. ‘Skhirate’ leaves were not significantly more wilted than ‘Fuerte’, which was not 
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significantly different to ‘Hass’, ‘Reed’ and ‘A10’. ‘Kidd’, ‘Velvick’ and ‘A10 x Velvick’ were not 
significantly more wilted than ‘Edranol’, and not significantly less wilted than ‘Hass’, ‘Reed’ and 
‘A10’. For ‘Velvick’, ‘Kidd’, ‘Hass’, ‘A10’, ‘A10 x Velvick’, ‘Edranol’ and ‘Fuerte’, wilting was 
more severe in the first experiment than the second, but for ‘Reed’ and ‘Skhirate’, wilting was more 
severe in the second experiment. A simple linear regression between wilting data in both 
experiments with variety as grouping factor showed that overall, varietal trends in wilting were 
significantly similar (P = 0.002).    
 
 
Figure 3.10. Average wilting rating (0-3) of seedling rootstock varieties after 5 weeks of exposure 
to inoculation with P. cinnamomi. Wilting ratings were calculated by comparison of images of 
plants at Time = 5 weeks with Time = zero. 0 = no change or less wilting, 1 = slight wilting, 
2 = moderate wilting, 3 = severe wilting. Bars indicate standard error in Expt. 1 and significant 
varietal differences in the second experiment at P ≤ 0.05 are indicated by different letters above 
columns. Varieties are listed from left to right in order of known resistance/susceptibility to 
Phytophthora root rot. 
 
In the first experiment, the overall correlation between wilting severity and change in root system 
necrosis was highly significant (P < 0.001). Including rootstock variety into the regression model, 
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significant rootstock differences were almost observed (Fig. 3.11; P = 0.058). For varieties ‘A10’, 
‘Hass’, ‘Skhirate’, ‘Reed’, ‘Edranol’, and ‘Fuerte’, positive relationships between root system 
necrosis and wilting were observed, with gradients of 0.662, 0.661, 0.471, 0.396, 0.390 and 0.346 
respectively. The gradient for ‘Velvick’ was slightly less steep (0.182), and the gradient of ‘G1’ was 
flatter again (0.0725). For ‘Kidd’, the relationship was neutral (gradient = 0), and for 
‘A10 x Velvick’, the relationship was negative (gradient = -0.435). ‘Skhirate’ and ‘Velvick’ had the 
highest r2 values (0.548 and 0.546 respectively) while the r2 values for all other varieties were less 
than 0.4.  
 
Figure 3.11. Experiment 1 – variety-specific relationships of root system necrosis change with 
wilting. Change in root system necrosis is calculated by subtracting the root system necrosis rating 
at Time = 0 from root system necrosis rating at Time = 5 weeks. Root system necrosis ratings 
correspond to the percentage of white roots visible in root system images (1 = 76-100%, 2 = 51-
75%, 3 = 31-50%, 4 = 11-30%, 5 = 6-10%, 6 = 1-5%, 7 = 0%). Images of above-ground plants at 
Time = 0 and Time = 5 weeks were compared and ratings were assigned on the basis of visible 
drooping of leaves. 0 = no change or better, 1 = slight wilting, 2 = moderate wilting or 3 = severe 
wilting.  
 
In the second experiment, the overall relationship between wilting severity and change in root 
system necrosis was not significant (P = 0.093), but differences between regression grouped by 
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variety were highly significant (Fig. 3.12; P < 0.001). The gradient was steepest for ‘Hass’ (0.517), 
followed by ‘Velvick’, ‘Kidd’ and ‘Skhirate’ (0.440, 0.250, 0.179 respectively). The gradient was 
flatter for ‘Reed’ (0.106), neutral for ‘A10’ and ‘Edranol’, and negative for ‘A10 x Velvick’ and 
‘Fuerte’ (-0.0263 and -0.274 respectively). Highest r2 values were recorded for ‘Velvick’ and ‘Hass’ 
(0.538 and 0.356 respectively) while r2 values for all other varieties were less than 0.1.  
 
 
Figure 3.12. Experiment 2 – variety-specific relationships of root system necrosis change with 
wilting. Change in root system necrosis is calculated by subtracting the root system necrosis rating 
at Time = 0 from root system necrosis rating at Time = 5 weeks. Root system necrosis ratings 
correspond to the percentage of white roots visible in root system images (1 = 76-100%, 2 = 51-
75%, 3 = 31-50%, 4 = 11-30%, 5 = 6-10%, 6 = 1-5%, 7 = 0%). Images of above-ground plants at 
Time = 0 and Time = 5 weeks were compared and ratings were assigned on the basis of visible 
drooping of leaves. 0 = no change or better, 1 = slight wilting, 2 = moderate wilting or 3 = severe 
wilting.  
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No Phytophthora was isolated from uninoculated root segments. Phytophthora was occasionally 
isolated from segments of white roots of inoculated root systems (four white root segments in the 
first replicate experiment and three in the second).  
 
3.5. Discussion 
3.5.1. Pathogenicity test  
In this study across four different seedling avocado varieties, P. cinnamomi Isolate BRIP 59174 was 
more pathogenic than Isolate BRIP 49801. Differences between inoculation treatments were highly 
significant (P = 0.001), with uninoculated plants having the least necrosis. Phytophthora was not 
isolated from any of the uninoculated root tissue. Uninoculated plants had a mean necrosis rating of 
2.04, suggesting that the plants experienced a degree of transplant injury or hydraulic stress causing 
cell death or suberisation. It was not possible to visually distinguish between disease-induced 
necrosis, transplant stress-induced necrosis or suberisation. Results showed however that root 
systems of uninoculated plants were significantly less necrotic than those inoculated with either 
isolate of P. cinnamomi.   
 
Of interest is the fact that Phytophthora was occasionally isolated from root segments that were 
white (data not presented). Phillips & Weste (1987) observed that P. cinnamomi could be isolated 6 
mm ahead of the lesion front as it extended along the root. Observations of the colour gradations 
along these roots suggest that infections were either very early-stage, or Phytophthora was isolated 
ahead of the visible lesion front. Differences in pathogenicity between the two isolates may in part 
be attributed to a loss in pathogenicity and fitness as a result of BRIP 49801 being in water storage 
for six years. A common method of reinvigorating pathogen cultures is to passage them through a 
living host in order to restore virulence (Christensen & De Vay, 1955), but this technique does not 
always work (Ford et al., 2002, Chilton, 1943). Regardless of this consideration, it was 
demonstrated that Isolate BRIP 59174 caused substantial root rot of avocado seedlings. 
 
3.5.2. Main discussion 
The hypothesis tested in the 2-pot inherent root growth assay was that more resistant varieties have 
greater root growth compared to total surface area of mature leaves. In repeated 2-pot root trimming 
experiments, the pattern of varietal differences was significantly similar, however overall, root: 
shoot ratio was not strongly associated with known resistance to Phytophthora root rot. Variety 
‘G1’, regarded as the most resistant of those used in the current study was only available for the 
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first experiment, but it had the lowest root: shoot ratio of all. ‘Velvick’, ranked second for 
Phytophthora root rot resistance had the fourth largest root: shoot ratio in Experiment 1 and the 
third largest in Experiment 2. ‘Kidd’, the variety classified as third-most resistant had intermediate 
root: shoot ratios in repeated experiments. In both experiments, ‘Hass’ plants (medium/high 
resistance) had the largest root: shoot ratio. As a rootstock, ‘Hass’ is ranked as having medium/high 
resistance to Phytophthora root rot, as ‘Hass’ on its own roots has been shown to perform well 
under high Phytophthora pressure (Smith et al., 2011).  In both experiments, ‘Edranol’, 
‘A10 x Velvick’ and ‘Fuerte’ were among the lowest varieties for root: shoot ratio. ‘Edranol’ and 
‘A10 x Velvick’ are known to have low resistance to Phytophthora root rot (Kremer-Kohne & 
Duvenhage, 1999; Smith et al., 2011), while resistance of ‘Fuerte’ as a rootstock variety is 
unknown. ‘Skhirate’, a West Indian variety with unknown resistance to Phytophthora root rot had 
the most variable results, ranking second and sixth for root: shoot ratio in Experiments 1 and 2 
respectively. ‘Reed’, which has been found to be highly susceptible to Phytophthora root rot had the 
third highest root: shoot ratio in the first experiment and the second highest root: shoot ratio in the 
second experiment. Overall, these results indicate that root: shoot ratio of seedling rootstock 
varieties may not be a useful indicator of field performance in areas where Phytophthora root rot is 
present. This finding is in contrast to the glasshouse results of Kellam & Coffey (1985), who found 
that after 50% of the root/soil mass was removed, resistant varieties ‘Duke 7’ and ‘G6’ had greater 
root growth potential than susceptible ‘Walter Hole’ and ‘Topa Topa’. Gabor & Coffey (1990) also 
found that after pruning 50% of the root/soil mass, the resistant varieties ‘Martin Grande’ and 
‘Thomas’ grew more roots than the moderately resistant ‘Barr Duke’ and susceptible ‘Topa Topa’.   
 
Another hypothesis tested in the 2-pot assay was that resistant varieties would be less affected by 
increased trimming frequency than susceptible varieties. There was no strong evidence to support 
this hypothesis, however some interesting trends were observed. In the first experiment, root: shoot 
ratio of resistant varieties ‘G1’ and ‘Velvick’ and susceptible ‘Reed’ were greater for those that 
were trimmed twice than those trimmed once. This suggests that these varieties were better able to 
tolerate mechanical root removal than other varieties, but only when comparing ‘2 trims’ and 
‘1 trim’ treatments. Yet for Experiment 2, resistant varieties ‘Velvick’ and ‘Kidd’ values ranked in 
the following order of magnitude: ‘1 trim’ > ‘2 trims’ > ‘4 trims’, but for all other varieties the 
order was ‘1 trim’ > ‘4 trims’ > ‘2 trims’. It may be inferred that ‘Velvick’ and ‘Kidd’ were less 
vulnerable to the particular effects of monthly root trimming than other less resistant varieties.  
 
Root: shoot ratios according to trimming treatment were not similar between replicate experiments. 
The only variety with consistent results according to trimming treatment was ‘Kidd’, with 
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root: shoot ratio highest for plants with root systems trimmed once, ‘2 trims’ was intermediate, and 
‘4 trims’ was smallest. The moderately resistant variety ‘A10’ had fairly constant root: shoot ratios 
over the three trimming treatments in Experiment 1, which suggested that the variety may have a 
tolerance to the stress of root trimming. However in the second experiment, results differed 
markedly, with ‘A10’ root: shoot ratio in the ‘1 trim’ treatment being 33 times greater than ‘2 trim’ 
plants, and four times greater than ‘4 trims’ plants. It is likely that these differences are due to 
different environmental conditions in repeated inherent root growth assays; the first experiment 
took place over winter, while the second experiment took place in summer/autumn. Also, between 
these two events, a hail storm caused significant damage to the glasshouse roof. Consequently, 
seedlings in both experiments experienced differing climatic conditions, with plants in the second 
experiment undergoing periods of intense heat on hot summer days. Furthermore, plants used in the 
first experiment were a few months older than equivalent plants used in the second experiment, and 
this may have impacted results. Highly contrasting results in both inherent root growth assays 
indicate that temperature and seedling age can have strong influences on root production relative to 
mature leaf surface area in response to mechanical root removal. 
 
In avocado, temperature has an influence on feeder root growth, with growth and replacement of 
roots slowed at temperatures below 22 °C (Pegg & Giblin, 2008). Temperature has also been shown 
in previous studies to have a strong influence on root growth of various plant species (Solfjeld & 
Johnsen, 2006, Drennan & Nobel, 1996, Malcolm et al., 2014).  In the first experiment of the 
current study, root: shoot ratios in the ‘1 trim’ and ‘4 trim’ treatment groups were higher for all 
varieties than in the second replicate experiment. It is likely that higher temperatures contributed to 
the increased growth of feeder roots relative to photosynthetic area of leaves. However the results 
differ markedly for plants in the ‘2 trims’ treatment: for seven varieties, root: shoot ratios in the ‘2 
trims’ treatment were lower in the second experiment than the first.  The possible reasons for this 
finding are complex and difficult to deduce. The process of trimming feeder roots involves 
simultaneously causing loss of root function and inflicting multiple wounds. Wound response 
pathways in plants are complex and typically involve the wound response hormone jasmonic acid 
and subsequent signalling pathways (Bostock, 2005, Yang et al., 2011). Zhao et al. (2013) found 
that temperature also influences electrolyte leakage and production of defence-related compounds 
in Arabidopsis thaliana infected with cucumber mosaic virus. It is plausible that in the second root 
trimming experiment of the current study, higher temperatures may have influenced changes to 
wound response pathways in trimmed seedlings, altering root elongation relative to the first 
experiment.  
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Other parameters that differed between replicate experiments were the change in number of mature 
and immature leaves, change in plant height and change in stem diameter. For all of these 
parameters, significant varietal differences were only found in the second experiment. This finding 
is likely to be related to higher temperatures in the second experiment, which would have enabled 
plants to grow more rapidly than equivalent plants in the first experiment.  
 
An additional hypothesis tested in the 2-pot inherent root growth assays was that there would be 
significant differences between varieties in average diameter and density of excised roots that have 
an association with known field susceptibility. Overall varietal differences in average diameter of 
excised roots were similar between replicate experiments (Fig 3.8) but there was no evidence of an 
association of diameter of excised roots with known field resistance of rootstock varieties. 
Trimming treatment had a significant interaction with variety, but the interaction differed markedly 
between experiments. There were no consistent varietal differences in the thickness of young (< 2 
weeks) feeder roots (‘4 trims’ treatment group). Considering average root diameters in the ‘4 trims’ 
treatment, in the first experiment, roots of (susceptible) ‘Reed’ and (resistant) ‘Velvick’ roots were 
thicker than all other rootstock varieties. However, in the second experiment, in the same treatment 
group, the results were dissimilar, as ‘Skhirate’ (resistance unknown) had the thickest roots, 
followed by ‘A10 x Velvick’ and ‘Kidd’. Resistance of ‘Skhirate’ to Phytophthora root rot is 
unknown, ‘A10 x Velvick’ has low resistance, while ‘Kidd’ is a resistant variety.  
 
Densities of excised roots were significantly different between varieties but differences were not 
similar between experiments and no association was found between excised root density and known 
field resistance to Phytophthora root rot. In the first experiment, ‘Velvick’ roots were the most 
dense, followed by ‘Kidd’, ‘Fuerte’ and ‘Reed’. ‘Edranol’ roots were the least dense. ‘Velvick’ and 
‘Kidd’ are classified as resistant, ‘Fuerte’ resistance is unknown and ‘Reed’ is susceptible. In the 
second experiment however, ‘Edranol’ roots were the most dense, followed by ‘Reed’, ‘Velvick’, 
‘A10 x Velvick’ and ‘Skhirate’. ‘Fuerte’ excised roots were the least dense. ‘Edranol’ and 
‘A10 x Velvick’ are susceptible varieties, while resistance of ‘Skhirate’ is unknown. To the best of 
the author’s knowledge, this is the first investigation into possible varietal differences in feeder root 
density. If results were consistent between experiments, varietal differences in root density may 
suggest innate structural differences, however root densities differed, indicating that a 
genotype x environment interaction is likely to have been present. 
 
The results showed however that avocado feeder roots become more dense with age, a phenomenon 
which has not previously been published. Projected area as measured using WinRhizo software is 
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directly related to root volume as they both incorporate measures of root length and diameter. In 
both experiments, regression of dry weight of harvested roots with projected area showed that root 
systems exposed to ‘1 trim’ were the most dense, roots in the ‘2 trim’ treatment group had 
intermediate density, and ‘4 trims’ roots were the least dense. Roots in the ‘1 trim’ group were up to 
eight weeks of age, and were denser than ‘2 trim’ roots which were up to four weeks of age. These 
were denser again than ‘4 trims’ roots, which were up to two weeks old. The vast majority of 
harvested roots measured were unsuberised (data not shown). Presumably, the increase in root mass 
was due to structural reinforcement as the roots aged, without altering the external colour of the 
roots. 
 
In shoots and roots, primary apical meristems such as the epidermis, cortex and primary vascular 
tissue give rise to elongation growth (Cutter, 1978) whereas secondary growth refers to secondary 
thickening and is caused by vascular and cork cambium, which results in increased girth of the 
organ. It is likely that the increased density of roots over time observed in the current study is 
associated with secondary growth.  During secondary growth of avocado roots, cambium 
originating between groups of primary phloem and the centre of the stele produce secondary xylem 
and phloem cells, crushing the primary phloem and rupturing the endodermis (Heismann, 1939). 
The cell walls of secondary xylem and phloem provide structural support as well as being essential 
for solute conduction (Barlow, 2002). Plant cell walls are composed of cellulose, non-cellulosic 
wall polysaccharides such as hemicellulose and pectin, and a small quantity of protein (Bashline et 
al., 2014). Dever et al. (1968) conducted chemical analyses of root tissue cell walls of Zea mays 
from the meristematic zone, zone of elongation and maturation zone.  Differences were observed in 
major carbohydrate fractions according to tissue type. For example, α-cellulose constituted 4.6% of 
root tip cell walls, but was five times more prevalent in mature tissue cell walls. Also, cell wall 
constituted 1% the fresh weight of meristem tissue, decreasing to 0.74% for tissue in the zone of 
elongation, and 1.03% in mature tissue. These results support the current findings of changes in 
densities as roots mature.  
 
Two key assumptions of the inherent root growth study were that all leaves were exposed to the 
same degree of incident light, and are capable of the same quantum yield (ɸ), which is the 
efficiency of light utilisation for photosynthesis. Avocados have a low light saturation point, which 
provides support for the first assumption of the availability of incident light (Chirachint & Turner, 
1988, Scholefield et al., 1980). Temperature influences net photosynthetic rates of avocado leaves 
(Whiley et al., 1999, Bower, 1978, Scholefield et al., 1980). Previous studies have determined that 
different avocado varieties have different optimum temperatures for photosynthetic rates. Bower et 
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al. (1977) found that optimum photosynthetic temperatures for container-grown ‘Edranol’ were 
between 20 and 24 °C. In contrast, maximum net photosynthetic rates for container-grown ‘Fuerte’ 
trees were found at temperatures between 28 °C and 31 °C. At temperatures below 15 °C and above 
40 °C, photosynthetic rates declined by approximately 33% (Scholefield et al., 1980). Whiley et al. 
(1999) also found that maximum photosynthetic rate of ‘Hass’ decreased from 19.0 µmol CO2 m-2 
s-1 in autumn to 10.9 µmol CO2 m-2 s-1 in winter, coinciding with a drop in minimum temperatures 
from > 14 °C to < 10 °C. Liu et al. (2002) found that ‘Lamb Hass’ had greater CO2 assimilation 
than ‘Hass’ in summer and autumn but not spring, and these differences were associated with higher 
chlorophyll concentrations of ‘Lamb Hass’ leaves. These results support the likelihood that variety-
specific responses to temperature in the current study would have influenced root: shoot ratio 
results. Other factors which influence net photosynthetic rate of avocados include humidity, 
(Scholefield et al., 1980, Whiley et al., 1988a), flooding and poor soil aeration (Schaffer, 2006), 
salinity (Mickelbart & Arpaia, 2002) drought (Bower, 1978, Chartzoulakis et al., 2002) and for 
grafted plants rootstock variety may also influence net CO2 assimilation of scion leaves (Ploetz & 
Schaffer, 1989, Castro et al., 2009). If the current study were to be repeated again, measurement of 
photosynthetic rates of leaves of each variety would be useful data to interpret in conjunction with 
mature leaf area and root growth, in order to account for variety-specific differences in optimal 
temperatures for photosynthesis.  
 
It was not possible to know the precise point at which leaves transitioned from being net carbon 
sinks to sources in this study. Avocado leaves are not fully expanded until they are 28-30 days old 
(Whiley, 1994). Yet evidence suggests that they are net producers (ie. source rather than sink) of 
carbon slightly earlier, at 20-24 days after bud break (Liu et al., 2002). A young avocado plant with 
no seed source from which energy stores may be drawn upon is reliant upon the photosynthetic 
capabilities of source leaves for further growth and maturation. For glasshouse studies, there need to 
be six - eight fully expanded leaves present on an avocado seedling before cotyledon removal, as 
survival rates are reduced for seedlings with fewer leaves (Barrientos-Priego et al., 1995).  
 
The current study did not take into account photosynthetic contributions of the stems to the net 
carbon gain. The reason for this is that the plants were later required for inoculation studies, and 
destructive sampling was not feasible. Root: shoot calculations include only an estimate of the total 
photosynthetic area of mature leaves as the main carbon source. Photosynthetic green stems 
contribute a substantial amount of carbon gain for many plant species (Pfanz & Aschan, 2001), but 
there is a large amount of variability between green-stemmed species in the relative contributions of 
photosynthetic organs. Green stems can contribute up to 50% of carbon gain in plants endemic to 
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tropical dry or thorn woodlands, deserts and Mediterranean-type ecosystems (Nilsen, 1992a, Nilsen, 
1992b). Valladares et al. (2003) found that across six different leguminous plants from high-light 
environments, stems with a low ratio of leaf to total photosynthetic area did not perform well under 
shady conditions, due to inefficient light capture and low phenotypic plasticity of stems. In contrast, 
avocado is endemic to low-light environments, but in the current study, seedlings were exposed to 
high-light conditions. It is possible that stem photosynthesis was a significant component of total 
plant photosynthesis, and plants with taller, thicker stems would have contributed greater 
photosynthetic ability relative to plants with shorter, thinner stems. To the best of the author’s 
knowledge, photosynthetic ability of juvenile avocado stems relative to leaves has not been 
previously studied.   
 
The hypothesis tested in the root system necrosis assay was that there are differences among 
varieties in root system health and observable wilting after inoculation with P. cinnamomi, and 
these differences correlate with known field susceptibility. In repeated experiments, no significant 
differences were observed among varieties in the colour change of root systems in response to 
inoculation, and no association was found with known resistance to Phytophthora root rot. Despite 
this, results indicated that ‘Skhirate’ root systems were consistently the most necrotic when exposed 
to P. cinnamomi. ‘Kidd’ root systems had the least degree of necrosis over both experiments, with 
the smallest change in root system necrosis in the first experiment, and the second smallest change 
in the second experiment. ‘Skhirate’ is a West Indian selection with unknown resistance to 
Phytophthora root rot while ‘Kidd’ has a Guatemalan background and is classified as resistant. The 
reasons for the lack of significant differences among varieties could be due to genetic diversity of 
the seedlings, a lack of statistical power, and differences in quantity of inoculum caused by non-
uniformity of root system sizes within standard-sized pots. Varietal differences were also not 
consistent between replicate experiments, indicating that the assay is not accurate or sensitive 
enough, or that it is necessary to have identical environmental conditions and plants of identical age 
to ensure repeatability.  
 
Wilting of leaves is a symptom of Phytophthora root rot (Dann et al., 2013). Wilting is a physical 
result of a loss of turgor pressure caused by water stress, resulting in leaves becoming ‘floppy’ 
(Czyż et al., 2012). In mature trees in the field, foliar symptoms of Phytophthora root rot may not be 
evident for months or years (DAF Qld, 2012). However, moderate tolerance to Phytophthora root 
rot is often associated with a lack of observable change in above-ground symptoms (Ploetz & 
Parrado, 1988). In the current study, significant varietal differences in wilting were only observed in 
the second experiment (Fig 3.10), but trends in both experiments were significantly similar. Overall, 
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wilting results were not clearly associated with known resistance to Phytophthora root rot. 
Available only for the first experiment, the seedling variety ‘G1’, the most resistant variety used 
had the least observable change in foliar health. Other resistant varieties ‘Velvick’ and ‘Kidd’ were 
significantly less wilted than ‘Fuerte’ and ‘Skhirate’ in the second experiment. ‘Skhirate’, a West 
Indian selection whose field performance in the presence of P. cinnamomi is not known, was the 
most wilted variety in Experiment 2, and had an intermediate degree of wilting in the first 
experiment. ‘Fuerte’, a fruit variety had the second largest degree of wilting in both replicate 
experiments. Results for ‘Edranol’ differed markedly for both experiments, with wilting being the 
eighth most severe in the first experiment, but no wilting was observed at all in the second 
experiment. A similar difference was observed for ‘A10 x Velvick’, ranking sixth out of ten for 
wilting in the first experiment, but second of nine in the second replicate experiment. 
‘A10 x Velvick’ rootstocks were observed by Smith et al. (2011) to perform poorly in soil where 
P. cinnamomi is present. Differing performances of varieties between replicate experiments are 
likely to be influenced by differing climatic conditions. ‘Edranol’ is a Californian fruiting cultivar 
that has been observed to have low tolerance to Phytophthora root rot (Kremer-Kohne & 
Duvenhage, 1999). It is vulnerable to extremes in temperature (Crane et al., 2013), a trait which 
could explain the highly variable results obtained in the current study. ‘Fuerte’ means ‘strong’ in 
Spanish, and was so named due to its ability to withstand very cold temperatures (Crane et al., 
2013). This trait of climate hardiness may have enabled wilting results for ‘Fuerte’ plants in the 
current study to remain fairly constant between replicate inoculation experiments, despite climatic 
differences. Varietal differences between experiments may also have been due to seedlings in the 
second experiment being younger than those used in the first. Regression analyses from both 
experiments showed that varietal relationships between observable wilting and change in root 
system necrosis were not consistent and results were not associated with known field resistance 
(Figs. 3.11 & 3.12). Varieties that had positive relationships in both experiments were ‘Velvick’, 
‘Reed’, ‘Skhirate’ and ‘Hass’. ‘Velvick’ is classified as resistant, ‘Hass’ is moderately resistant, 
‘Reed’ is susceptible, and resistance of ‘Skhirate’ is unknown.  
 
The importance of consistency in maturity of plant material and in environmental conditions is 
evident in both the inherent root growth 2-pot assays, and in the inoculation assays. Seedlings are 
genetically diverse; therefore their performance in glasshouse assays would be expected to be more 
variable than equivalent studies using clonal plants, which are genetically identical. Combining this 
with using plants of different ages and exposing them to different climatic conditions is likely to 
have decreased consistency of varietal differences between repeated experiments. A limitation of 
the inherent root growth assays was the probability of root restriction affecting photosynthetic rates  
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due to the accumulation of starch in leaves (Whiley et al., 1999) caused by reduced root sink 
strength. This effect is not universally observed however, as Schaffer et al. (1987, 1991) observed 
net photosynthesis to be similar in container-grown and field-grown avocado grown in Southern 
Florida. Another possible limitation of the study was the few number of replicates for the ‘2 trims’ 
and ‘1 trim’ treatment. These treatments had four replicates each, whereas the ‘4 trims’ treatment 
had 10 replicates. Future studies should include the same number of replicates for each treatment, 
and larger pots to reduce possible effects of root restriction. Reeksting et al., (2014) investigated 
stomatal conductance (PN) and net CO2 assimilation (gs) of ‘Dusa’, ‘Duke 7’, ‘R0.12’ and ‘R0.06’ 
in response to flooding and inoculation with P. cinnamomi. ‘Dusa’ and ‘R0.06’, the more resistant 
varieties, were able to restore PN and gs to pre-infection levels. The authors suggest that the 
reopening of stomata could be due to root regeneration or repair. Future directions for the 
inoculation study described in this thesis should include measurements of stomatal conductance and 
net CO2 assimilation to investigate possible associations between varietal differences in 
photosynthesis and root system health after root system inoculation with P. cinnamomi. It would 
also be of interest to investigate associations between wilting and reduced photosynthesis.  
 
Working with avocado root systems is difficult as they are sensitive to desiccation, breakage and 
anoxia. Despite these difficulties, methods were developed in the current study to investigate 
inherent root growth of avocado seedlings and root system and shoot health in response to infection 
with P. cinnamomi. Although varietal differences were not significant, results of glasshouse 
investigations showed that root regenerative ability may be a component of resistance for 
moderately resistant ‘Hass’ and resistant ‘Velvick’, but the susceptible variety ‘Reed’ also showed 
high root regenerative ability. The inoculation study showed that ‘Skhirate’ is most affected by 
Phytophthora root rot as observed by both wilting and root system necrosis symptoms.  
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Chapter 4 – Investigations into feeder root growth and tree physiology differences between 
rootstock varieties in the field 
 
4.1. Abstract 
The ability to tolerate a certain level of disease through compensatory root growth has been 
identified as a possible mechanism of resistance of avocado to Phytophthora root rot caused by 
Phytophthora cinnamomi. Differences in surface feeder root growth of mature trees were 
investigated at two trial sites and root growth data was analysed in conjunction with phenological 
data and non-structural starch content of tree trunks. There were no significant differences observed 
between measured surface feeder root growth of ‘Dusa’ and ‘SHSR-04’ rootstock varieties at 
Duranbah or between ‘A10’, ‘Reed’, ‘Velvick’, ‘Hass’ and ‘SHSR-04’ at Hampton. Across three 
assessment times, significant overall rootstock x aspect effects on root growth were observed at 
Hampton (P < 0.001), with ‘Reed’ and ‘Hass’ root growth being higher on the north side of trees, 
while measured root growth was highest on the north side for ‘A10’ and ‘Velvick’. Application of 
the oomycete-specific compound Ridomil Gold® had a highly significant overall negative effect on 
root growth at Hampton (P < 0.001), while at Duranbah, Ridomil application significantly increased 
root growth relative to non-Ridomil sites for the November and December 2013 assessments 
(P = 0.017 and P = 0.008 respectively) but had no significant overall effect for subsequent 
assessments. For Duranbah trees, significant rootstock differences were observed in non-structural 
starch measured in July 2013 (P = 0.001) and scion overgrowth, with ‘Dusa’ trees showing slight 
graft incompatibility compared to ‘SHSR-04’ trees (P < 0.001). Overall, average diameter of ‘Dusa’ 
feeder roots was not significantly greater than ‘SHSR-04’ (P = 0.091). For the 2014/15 season at 
Hampton, significant rootstock differences were observed in determinate growth measured in 
November 2014 and stored non-structural starch sampled in January 2015.   
 
4.2. Introduction 
Phytophthora root rot caused by Phytophthora cinnamomi is a significant yield-limiting disease in 
Australia. The Australian avocado industry is based on Guatemalan or Guatemalan hybrid 
rootstocks, the majority of which are seedling ‘Velvick’ which is vigorous and establishes well in 
Phytophthora root rot-affected areas (Crane et al., 2013). In a field trial of root rot resistant 
rootstocks in Duranbah in Northern NSW, seedling and clonal Velvick with ‘Hass’ scions 
performed poorly in an area of high P. cinnamomi pressure  (Smith et al., 2011). In a similar study 
of rootstock establishment under P. cinnamomi pressure at Westfalia Estate in South Africa, clonal 
‘Velvick’ had the highest health ratings and were superior to ‘Dusa’. Differences in the 
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performance of ‘Velvick’ rootstocks at different trial sites are presumably due to different 
combinations of environmental factors including climatic and soil factors, leading to different 
Genotype x Environment effects.  
 
The success of avocado rootstock selections is strongly influenced by environmental factors. The 
Florida climate and generally poor and shallow soils are not suitable for Mexican rootstocks, but 
West Indian and some Guatemalan rootstocks are able to establish. In areas where soils are alkaline, 
tolerance to these soils is the most important issue influencing rootstock establishment (Ben-
Ya'acov & Michelson, 1995). In Australia, ‘Reed’ rootstocks (Guatemalan race) are considered 
susceptible to Phytophthora root rot on the east coast, but perform much better in disease-affected 
areas in Western Australia (pers. comm., K. Pegg). The main reason for this difference is believed 
to be associated with soil type, with Reed being better suited to the sandier, faster-draining soils of 
Western Australia than the clay-based soils on the eastern side of the continent.  
 
Phenological cycles of avocado are influenced by climate and environment. Figures 4.1 and 4.2 
depict the phenological cycles of ‘Hass’ avocado at Duranbah and Hampton in conjunction with 
approximate mean monthly maximum and minimum temperatures, as well as mean monthly rainfall 
totals. A comparison of the phenological diagram shows that events occur slightly earlier in 
Duranbah than in Hampton. For example, peak flowering occurs in mid-September at Duranbah, 
but early October at Hampton. The spring and summer vegetative flushes also occur earlier at 
Duranbah than at Hampton.  The differences in phenological events are mainly due to temperature 
differences, with the warmer Duranbah temperatures initiating flowering and leaf flushing earlier 
(pers. comm. K. Pegg). In the absence of extreme weather events, the phenological cycling is fairly 
consistent. In more stressful semi-arid Mediterranean environments however, trees may undergo 
additional shoot flushes within the year in order to maintain the vegetative: reproductive balance 
(Whiley et al., 2013, Salazar-García et al., 2006). Deviations from idealised phenological growth 
cycle models may be usual, due to seasonal variations and alternate bearing (Whiley et al., 2013). 
The number of shoot flushes per season also varies according to cultivar and prevailing 
environmental conditions within a region (Thorp et al., 1995). 
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Figure 4.1. Combined figure with approximate monthly maximum and minimum temperatures at 
the closest location to Duranbah (Condong Sugar Mill, data from 1968-1972), mean monthly 
rainfall at the nearest location (Cudgen Plantation, data from 1885-1959), and ‘Hass’ phenological 
cycle for northern NSW. Climatic data obtained from the Bureau of Meteorology, phenological 
diagram adapted from Avocados Australia Best Practice Resource 
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Figure 4.2. Combined figure with approximate monthly maximum and minimum temperatures at 
the closest location to Hampton (Toowoomba Airport, data from 1996 - present), mean monthly 
rainfall at the nearest location (Geham State School, data from 1912 – 1974), and ‘Hass’ 
phenological cycle for West Moreton. Climatic data obtained from the Bureau of Meteorology, 
phenological diagram adapted from Avocados Australia Best Practice Resource 
 
Under subtropical growing conditions, root growth flushes occur in early summer, and again in 
mid-Autumn, immediately after the summer and spring vegetative shoot flushes. There is variability 
in timing, according to climate and avocado variety (see Figures 4.1 and 4.2). Whiley (1994) also 
noted a significant decline in feeder root numbers from floral initiation through to the hardening of 
the spring shoot flush. Roots are effectively ‘starved’ during this period, assimilates are either 
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withheld from roots or remobilised from them to the developing reproductive sink. Fruit 
development also coincides with a decline in non-structural starch reserves.  
 
To interpret avocado root growth data, a holistic view of plant physiology and phenology is 
required. An important component of this is the production and storage of photoassimilates. The 
first products of photosynthesis are simple sugars. Avocado is different to other fruit crops in that 
the 7-carbon sugar mannoheptulose and its related alcohol perseitol are the predominant soluble 
sugars present in the plant. Simple sugars can then be converted into more complex sugars, 
structural components (i.e. cell walls) or non-structural starches, or used to synthesise proteins and 
lipids. Carbohydrates also provide the essential framework of plants, which constitutes over 90 % of 
their dry mass (Whiley & Wolstenholme, 1989). A large component of this includes structural 
starches e.g. cellulose and lignin, but it also includes stored non-structural starch reserves. In plants, 
stored carbohydrates play many important roles including growth, defence, development of cold 
hardiness, and postponement of mortality.  
 
In woody plants, starch is considered to be the most important reserve carbohydrate, and its 
measurement is frequently used as the only indicator of a plant’s carbohydrate status. Carbohydrate 
storage is especially important in perennial crops such as avocado, as stored carbohydrates from the 
previous year can influence yield the following year (Whiley & Wolstenholme, 1989). The majority 
of non-structural starch is stored in parenchyma cells, but the types of stored starch vary between 
tissues, organs, and plant species, and are also influenced by factors such as season and climate 
(Pallardy, 2008). Stored carbohydrate in avocado trunks and stems can be sampled using a drill to 
obtain wood samples from the sapwood (Whiley, 1994, Scholefield et al., 1985, Liu et al., 1999), 
which includes living parenchyma cells, located immediately behind the cambium and the bark. 
Previous studies have measured starch levels using variations of enzymatic hydrolysis followed by 
colorimetric analysis. For example, a phenol/sulphuric digestion method described by Dubois et al. 
(1956) was used by Scholefield et al. (1985), and a coupled enzyme reaction and chromagen system 
described by Rasmussen and Henry (1990) was used by Whiley (1994). 
 
In avocado, carbohydrate partitioning to different plant organs is determined by phenological 
processes i.e. vegetative versus reproductive growth according to the stage of the growth cycle. The 
major storage organs for non-structural starch in avocado are the trunk, major branches and larger 
roots (Scholefield et al., 1985). When there is surplus energy to the current growth needs of the 
plant, reserve carbohydrates (non-structural starches) are stockpiled in storage organs, the levels of 
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which follow seasonal fluctuations according to the phase of the growth cycle (Whiley & 
Wolstenholme, 1989).  
 
For tree crops, in terms of source: sink dynamics, preferential allocation of photosynthates to 
competing sinks occurs in the following order (Cannell & Jackson, 1985):  
 
Seeds   >   fleshy fruit parts   >   shoot apices and leaves   >   cambium   >   roots   >   storage 
organs  
 
This hierarchical model illustrates that before excess assimilates are deposited as non-structural 
starch in storage organs, roots are the last ‘sink’ in the pecking order. In avocado, the major storage 
organs for excess carbohydrate are the trunk, leaves and large branches (Wolstenholme & Whiley, 
1997). A complex web of factors all influence root growth. These factors include the nutrition status 
of the tree, climatic factors, strength of the vegetative: reproductive balance and cultural practices, 
for example, the presence of an adequate layer of mulch.  
 
Scholefield et al. (1985) studied seasonal non-structural starch levels in relation to yield, shoot 
growth and bud initiation of the avocado cultivar ‘Fuerte’ grown in a temperate Australian climate. 
Starch levels fluctuated in a manner that was directly related to the alternate bearing phenomenon. 
Peak starch levels were reached in spring, before a sudden decline that continued through the spring 
and summer vegetative flush and fruit development, before rising again the following autumn. 
Wolstenholme and Whiley (1999) discuss that stressed avocado trees store more reserve starch than 
non-stressed trees. Peaking at the start of flowering, under stressful conditions, stored starch can 
reach up to 18%, fluctuating between ‘on’ and ‘off’ bearing seasons. In contrast, non-stressed trees 
have trunk starch concentrations of between 6% and 8% (Kaiser & Wolstenholme, 1994, Whiley et 
al., 1996). Climate also has an influence on the importance of stored carbohydrate reserves at fruit 
set, as trees growing in colder semi-arid climates have a heavy leaf drop at anthesis and are 
dependent on reserves. By comparison, avocado trees in humid subtropical environments retain 
more leaves at anthesis, and are less dependent on starch reserves (Whiley, 1994). The study by 
Scholefield et al. (1985) demonstrated clearly that non-structural starch was the major storage 
compound in large branches, but more recently Liu et al. (1999) found that soluble sugars, the main 
components of which were the 7-carbon sugar mannoheptulose and its related alcohol persietol 
were present in the storage organs (coarse roots, trunk and stems) at comparable or higher levels 
than starch. 
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This study investigates feeder root growth and tree physiology parameters of five different 
rootstock varieties across two field sites throughout the growing season. This is the first study of its 
kind to investigate surface root growth of mature avocado trees in conjunction with phenological 
differences among rootstock varieties. 
 
We specifically sought to address the following research questions: 
 
i). Do some rootstock varieties in the field have greater surface feeder root growth than others?  
 
ii). Are there differences between varieties in root growth attributes of average root diameter or 
orientation around trees where most root growth occurs? 
 
iiia). Does application of the anti-oomycete compound Ridomil Gold® result in increased localised 
feeder root growth?  
 
iiib).  Does application of Ridomil Gold® influence mycorrhizal colonisation of feeder roots? 
 
iv). Are there significant correlations between root growth and other tree physiology attributes? 
 
The first hypothesis tested is that rootstock varieties with known field resistance to Phytophthora 
root rot will have greater feeder root growth, as measured in root windows. The hypothesis 
associated with question ii is that differences between rootstock varieties in thickness of surface 
feeder roots will be observed, as well as locational differences in feeder root growth. The 
hypothesis tested by the third research question is that more feeder root growth will be observed in 
root window sites that have received an application of Ridomil Gold® compared to sites that have 
not received it. The hypothesis tested in question iiib is whether application of the compound 
increases mycorrhizal colonisation due to inhibition of soil oomycetes allowing true fungi such as 
mycorrhizae to flourish. The final hypothesis tested is that there will be significant correlations 
between root growth and tree physiology attributes, and these relationships will be significantly 
different between rootstock varieties. 
 
It is important to investigate feeder root growth differences in the field in order to see if increased 
root growth is associated with resistance to Phytophthora root rot. It is also important to measure 
stored non-structural starch to provide extra information about the carbohydrate status of individual 
trees. Vegetative flushing and yield data is also necessary to understand energy flow.   
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4.3. Materials & methods 
4.3.1. Initial field study  
A preliminary field study of root growth commenced in May 2013, at a trial site with high 
P. cinnamomi pressure at Duranbah, Northern New South Wales. The mature trees selected were 
part of a rootstock trial planted in May 2006. At this site, potassium phosphonate had been applied 
monthly to young trees until November 2007. The two established selections were Dusa’, a 
rootstock developed by Westfalia Technological Services and ‘SHSR-04’, which was clonally 
propagated from a healthy ‘escape’ tree that was performing well in a root rot-affected avocado 
orchard near Bundaberg, Queensland. Four trees of both rootstock varieties were selected. At four 
sites around each tree, leaf litter and mulch was removed to observe roots growing at the soil: mulch 
interface. Visible roots in an area measuring 30 cm x 30 cm were removed so that all root windows 
had a starting point of zero roots. On two of the sites around each tree, Ridomil Gold® was applied 
at a rate of 100 g/m2. Initially, clear acrylic squares were placed onto the bare soil surface followed 
by six layers of newspaper and the leaf litter replaced. After five weeks, root growth under the 
windows was observed and photographed. Later, the acrylic was removed, as it adversely affected 
the soil conditions under it, and was replaced by single layers of 28 cm x 40 cm loose-weave 
hessian followed by newspaper and mulch. After a further 23 days of growth, roots were observed 
and photographed within a 29 cm x 40 cm frame. 
  
4.3.2. Root growth analysis 
Photographs were manually adjusted for Lens Distortion and Perspective effects using Gimp© 
Version 2.4, printed on A4 paper in black and white, then the white feeder roots coloured pink using 
a fine-tip marker, in order to demarcate roots from similarly coloured straw mulch. To ensure 
accuracy, concurrent cross-referencing was carried out with the matching colour image displayed 
on the monitor screen. The prints with pink-coloured roots were scanned at high resolution 
(600 dpi), and a colour analysis of each photograph was performed using WinRhizo Pro 2007 
(Regent Instruments).  Manual calibrations of picture size were performed separately for each 
picture, using the dimensions of the frame. For each scanned picture, root attributes recorded were: 
total length, surface area, projected area (two-dimensional surface area of coloured roots on a 
scanned image), volume and average root diameter.  
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4.3.3. Starch analysis 
Trunk samples were collected in July 2013 from the eight study trees at Duranbah in order to test 
for total non-structural starch. Trunk tissue was collected from five points around the trunk, at a 
height of approximately half a metre with a cordless drill (6 mm drill bit) and was kept cool then 
frozen until analysis. Two to three grams of each sample was lyophilised overnight and then cooled 
in liquid nitrogen and pulverised using a Qiagen TissueLyser with stainless steel grinding adaptors 
containing a 20 mm ball bearing. The Total Starch (amyloglucosidase/α-amylase method) assay kit 
(Megazyme International) was used to determinate the percentage of non-structural starch. As per 
the manufacturer’s recommendations, a slight variation of Protocol (e) was used as D-glucose 
and/or maltodextrins may also be present in wood samples (see Appendix 1).  
 
4.3.4. Main field study 
The root window field work was repeated several months later to coincide with the spring root flush 
(late October 2013). At the field site at Duranbah, the study was expanded to include five ‘Dusa’ 
and five ‘SHSR-04’ trees. Two months prior to laying root windows, trees received a generous 
amount of sugar cane mulch (at least 20 cm thick) covering the root zone to the drip line to 
encourage feeder root growth by improving soil moisture and aeration. Upon commencement of the 
trial, the irrigation system at Duranbah was altered to provide even water distribution within the 
root zone. 
 
A second field site was selected at Hampton on the Darling Downs to obtain field data across a 
broader variety of rootstocks. These trees were planted in 2005, and are clonal selections grafted to 
‘Hass’ scions. Trees at this site already had a substantial amount of mulch consisting of leaf litter 
and applied avocado wood chip, so further mulching was not required.  These trees are part of a 
commercial orchard, and unlike the Duranbah field site trees, are injected with phosphorous acid 
once a year as part of the Phytophthora root rot management program. As such, it was not possible 
to obtain data for uninjected trees from this field site. For the fieldwork at Hampton (2014-15), five 
replicate trees of five rootstock varieties in total were included, with ‘Velvick, ‘A10’, ‘Reed’ and 
‘Hass’ rootstocks being part of the same randomised block trial, while trees on ‘SHSR-04’ 
rootstocks were part of a different trial situated on the south-east corner of the block. ‘SHSR-04’ 
trees were included in order to provide some overlap with rootstocks used in Duranbah fieldwork. 
These trees lacked leaf litter; therefore an extra layer of avocado wood chip mulch was applied in 
October 2014. Results for the first season of Hampton fieldwork indicated that edge effects were 
present within the orchard block that influenced feeder root growth, therefore ‘Velvick’, ‘A10’, 
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‘Reed’ and ‘Hass’ trees selected were as close as possible to the centre of the block. A summary of 
the field trial at both sites is presented below: 
Trees were examined for flowering intensity and vegetative flushing and assigned a rating between 
1 (lowest flowering intensity) and 3 (highest flowering intensity).  Trees with the lowest scores 
were selected in an attempt to standardise photosynthate allocation during the spring root flush.   
 
Table 4.1.  Rootstock varieties and attributes of field sites at Duranbah and Hampton 
Location Soil type  Presumed 
Phytophthora 
pressure 
 
Average annual 
rainfall (mm) 
(approx.)* 
Rootstock 
Variety 
Race (M = Mexican, 
G = Guatemalan, 
WI = West Indian) 
Duranbah,  
(-28.28° S, 
153.52° E) 
 
Krasnozem 
(original 
vegetation = 
rainforest) 
High 
 
1700 mm Dusa M/ G 
SHSR-04 G 
Hampton, 
(27.35° S, 
152.07° E) 
 
Krasnozem 
(original 
vegetation = open 
sclerophyll forest) 
 
Medium 
 
900 mm A10 M/ G 
Reed G 
Velvick WI/ G 
Hass M/ G 
SHSR-04 G 
* Data obtained from the Bureau of Meteorology. Average annual rainfall calculated by averaging 
annual rainfall data of the two closest weather stations. For Duranbah, data from Cudgen Plantation 
(2.24 km away, data from 1885-1959) and Kingscliff Main Parade (7.44 km away, 1969-2014). For 
Hampton, data obtained from Pechey Forestry (7.44 km away, data from 1927-2012) and Geham 
State School (6.7 km away, data from 1912-1974).  
 
 
Under each tree, four pairs of hessian measuring 29 cm x 40 cm were placed around the tree at 
approximately two thirds of the distance from the trunk to the canopy edge. Mulch was scraped 
away from the soil surface and visible white roots were removed. Ridomil Gold® granules were 
scattered evenly over one of the pair of soil sites selected at random, at the recommended 
application rate of 100 g/m2. One piece of hessian was placed on the soil surface, with six to eight 
pieces of newspaper placed on top. Mulch was then replaced on the newspaper. At the Duranbah 
site, study trees were assigned a rating from 0 to 5 (0 = none, 1 = 20%, 2 = 40%, 3 = 60%, 4 = 80%, 
5 = 100%) for retention of old foliage and determinate growth. They also received a rating from 1 to 
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3 for crop load (1 = light, 2 = medium, 3 = heavy). At Duranbah, further ratings were applied in 
February 2014 for tree health (0 = healthy, 10 = dead), and number of fruit was counted. For trees 
that had greater than 100 fruit, numbers were estimated by counting fruit in the SE quadrant of the 
canopy and multiplying by four. For trees with fewer than 100 fruit, numbers presented are total 
counts. At the Duranbah field site, canopy volume and trunk girth measurements were taken in 
April 2014 and February 2015. Canopy volume was estimated using the method of Arpaia et al. 
(1992), assuming that the canopy shape is half a prolate spheroid. The formula is V = 4/3πab2 where 
‘V’ is canopy volume, ‘a’ is tree height, ‘b’ is the average of ‘down row canopy width’ and ‘across 
row canopy width’. For Duranbah trees, canopy height and width was measured 30 cm from the 
ground. Number of fruit per canopy unit was determined by dividing individual tree yield by its 
canopy volume. Health assessments were not made on Hampton trees, as all trees appeared to all be 
in excellent health due to ongoing management practices that are typical of a commercial orchard. 
Hampton trees were assigned ratings between zero and five for retention of old foliage and 
determinate growth in October 2014. Trunk girths of all Hampton trees were measured in February 
2015, and canopy volumes of ‘SHSR-04’ trees were measured using the formula described above.   
 
Three weeks after the commencement of the field study, root growth at Duranbah was recorded 
with photographs of root growth under hessian root windows (Assessment 1 in November 2013), 
followed by a further assessment four weeks later (Assessment 2 in December 2013). One final root 
growth assessment was carried out in April 2014, in order to monitor the intensity of the autumn 
root flush which takes place after the summer shoot flush (see Figure 1). Assessments were repeated 
at both field sites at approximately the same times during the following season 2014-15, but 
medium-weight shade cloth was used instead of hessian in order to avoid decomposition over 
summer. Ridomil Gold granules were also applied at more frequent intervals in the second season 
(every seven weeks), and newspaper was replaced simultaneously. At Duranbah, mulch was 
replenished in January of both seasons prior to the autumn root growth assessments.  
 
Rainfall data for the Duranbah field site was obtained from a weather station located several 
hundred metres from the field site. Trunk samples for total non-structural starch analysis were also 
collected from Duranbah in January and June 2014, as well as January and June 2015. Trunk starch 
samples were taken from Hampton trees in January and early July 2015. 
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4.3.4.1. Investigations into mycorrhizal colonisation of feeder roots selected from root window 
sites 
In order to investigate if Ridomil application influences colonisation by mycorrhizal fungi, feeder 
roots were sampled at two time points, one and a half weeks after Ridomil re-application at both 
field sites (29 March for Duranbah and 6 April for Hampton), and after a further one and a half 
weeks (8 April for Duranbah and 17 April for Hampton). Soil samples were also taken from two 
‘Ridomil’ and ‘No Ridomil’ root window sites per tree at the first sampling time point, in order to 
see if the presence of Ridomil influenced growth of soil oomycete spp. on selective media using a 
soil dilution method. Feeder roots (and soil samples) were placed in sealed plastic bags in a cooled 
esky until they were brought back to the laboratory for analysis. Roots were stored at 4 °C until root 
staining, and soil was stored at 11 °C until use. In order to obtain data from more than one time 
point after Ridomil application, from both field sites, root samples were obtained a second time 
approximately a week and a half later (three weeks post-Ridomil application).  Five trees per 
rootstock variety were sampled from, with two ‘Ridomil’ and two ‘no Ridomil’ sites per tree.  
 
4.3.4.1.1. Root staining protocol 
Mycorrhizal structures were stained according to a variant of the protocol of Vierheilig et al. 
(1998). Up to eight feeder roots measuring 2.5 – 3 cm-long were placed tip-down in a 
microcentrifuge tube and roots were submerged in 0.56 M potassium hydroxide (KOH). Tubes were 
placed in an 85 °C water bath for ten minutes. Potassium hydroxide solution was removed and roots 
were rinsed once in distilled water. Roots were submerged in a solution containing 5 % (v/v) black 
Parker Quink Ink and 5 % (v/v) acetic acid. Tubes were placed in a water bath at 85 °C for three 
minutes, after which the ink solution was removed and roots were cleared in distilled water for at 
least 20 minutes. Stained, cleared roots were viewed using a stereomicroscope under 40 x 
magnification. Vesicles were present in large numbers towards root tips, therefore blue-stained 
mycorrhizal vesicles in an area at least 3 mm from the root tip were counted within an eyepiece area 
of defined dimensions (1170 µm x 1650 µm).  
 
4.3.4.1.2. Isolations of P. cinnamomi and other oomycete spp. from soil 
Half a gram of soil from each rootstock x Ridomil treatment was added to an 11 mL capacity plastic 
tube containing 9.5 mL 0.1 % (w/v) agarose. The soil-agarose mixture was mixed vigorously, and 
0.5 mL was transferred to a second tube containing another 9.5 mL of 0.1 % agarose. For each tube 
(dilution), 5 x 100 µL aliquots were placed on 2 % v/v CaV8 Phytophthora-selective media 
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amended with 0.2 g/L Vancomycin sulphate, 0.625 mL Pimaricin, 0.1 g/L PCNB and 0.05 g/L 
Hymexazol). After three days of growth at 23 °C in the dark, plates were assessed for the presence 
of distinctive corraloid mycelium indicative of P. cinnamomi. Putative Phytophthora colonies were 
sub-cultured onto clean Phytophthora-selective CMA plates for clearer morphological identification 
of corraloid hyphae. In order to determine soil dry weights for determination of numbers of 
infective propagules, aliquots of soil were also dried overnight in a 55 °C drying oven and dry and 
wet weights were compared. 
 
4.3.5. Data analysis 
Data were analysed using GenStat® (VSN International) 16th Edition. For root window data, REML 
linear mixed models analyses were performed on the attributes of average projected area and 
average root diameter. For the preliminary study, REML linear mixed model analyses were 
performed with Rootstock + Ridomil treatment as fixed effects, and Tree as a random effect. In the 
main study, REML analyses were similar, but included Aspect (orientation of root windows around 
trees) and Assessment time as fixed effects. All data for projected area of roots in root images were 
highly positively skewed, so a natural log transformation of ln(x+c) was performed where c = ‘half-
lowest-value’. Tests of significance were carried out on these data, and figures show mean values 
from bias-corrected back-transformations. Root diameter data from Duranbah was approximately 
normally distributed and REML analyses were performed on untransformed data, but root diameter 
data from Hampton were positively skewed, and REML analyses were performed on ln(x+c)-
transformed values. 
 
4.4. Results  
4.4.1. Initial study 
Ridomil Gold® application significantly increased the amount of root growth under root windows 
during a four-week period from June-July 2013 (P = 0.01). Bias-corrected means for projected area 
of feeder roots were 17.4 cm2 for Ridomil sites and 7.1 cm2 for ‘No Ridomil’ sites. There was no 
significant difference in root growth between rootstocks (P = 0.485). Also, no significant 
differences in average root diameter were observed between rootstock varieties (P = 0.484) or 
between Ridomil treatments (P = 0.587). The interaction between Ridomil® treatment and 
Rootstock was not significant, with Ridomil® application resulting in increased diameter of ‘Dusa’ 
roots , but narrower root diameter for SHSR-04 (P = 0.08).  
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4.4.2. Main study results 
4.4.2.1. Duranbah field site root window analysis  
At the Duranbah field site, a repeated measures analysis of variance of root growth across all 
assessment times showed no significant differences in root growth (projected area of roots) between 
‘Dusa’ and ‘SHSR-04’ (P = 0.984). Figure 4.3 shows the average projected area of roots in root 
windows at Duranbah according to Ridomil treatment at each assessment. Overall, Ridomil 
application increased feeder root growth, but when averaged over six assessments, the effect was 
not significant on log-transformed data (P = 0.126). Ridomil application significantly increased 
feeder root growth relative to non-Ridomil sites for the November and December 2013 assessments 
(P = 0.017 and P = 0.008 respectively), but there were no significant differences measured in April 
2014 (P = 0.95), November 2014 (P = 0.404) December 2014 (P = 0.66) or April 2015 (P = 0.315). 
Regardless of Ridomil treatment, differences in root growth between times of assessment were 
significant (P > 0.001). Average root growth was greatest in December 2013 (25. 5 cm2), second 
greatest in April 2014 (20.3 cm2), followed by November 2013 (10.8 cm2), December 2014 
(10.3 cm2), November 2014 (6.7 cm2), and least at the sixth assessment in April 2015 (6.0 cm2).   
 
Figure 4.3. Average projected area of feeder roots in root window images according to Ridomil 
treatment and assessment time at Duranbah across six time points between November 2013 and 
April 2015. Data are combined across ‘Dusa’ and ‘SHSR-04’. Bars show standard error. 
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At all assessments, feeder root growth varied according to aspect (orientation around the tree).  
These differences were significant for individual assessment times (P ≤ 0.009) and overall 
(P < 0.001). Across all assessment times, the order of decreasing root growth was as follows: 
north > east > west > south. A significant aspect x rootstock interaction was also present for the 
November 2014 assessment (P = 0.028) and the December 2014 assessment (P = 0.015). On the 
south sides of trees at these time points, ‘Dusa’ and ‘SHSR-04’ root growth was 0.95 cm2 and 
7.8 cm2 (Nov) and 2.9 cm2 and 16.2 cm2 (Dec) respectively.  The overall aspect x rootstock 
interaction was almost significant (P = 0.072).     
 
Root diameter data for Duranbah was approximately normally distributed, and therefore was not 
log-transformed. No significant overall differences were observed in average root diameter between 
Ridomil treatments (P = 0.631), but a repeated measures analysis of variance of average root 
diameter between rootstock varieties was almost significant (P = 0.091). Averaged across all 
assessment times, ‘Dusa’ feeder roots were thicker with an average diameter of 1.03 mm while 
‘SHSR-04’ feeder roots measured 0.97 mm. Figure 4.4 shows average diameters of ‘Dusa’ and 
‘SHSR-04’ feeder roots at each assessment point. The figure shows that ‘Dusa’ roots were slightly 
thicker at the first assessment, marginally narrower when measured in December 2013, then thicker 
than ‘SHSR-04’ feeder roots for the subsequent four assessment times. 
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Figure 4.4. Average diameter of feeder roots of ‘Dusa’ and ‘SHSR-04’ in root window images at 
six root growth assessment times at Duranbah between November 2013 and April 2015. Bars show 
standard error.  
 
Measured across all assessments, root diameter according to orientations of root windows around 
the trees were significantly different (P = 0.004), with roots thickest on the northern side (1.04 mm), 
followed by the west (1.01 mm), east (1.00 mm), and narrowest on the south side (0.94 mm). 
Differences in average root diameter between all assessment times were highly significant 
(P < 0.001). Average feeder root diameter was narrowest measured in December 2015 (0.91 mm), 
slightly thicker the previous month (0.93 mm), followed by November 2013 (0.94 mm), April 2015 
(0.97 mm), December 2013 (1.04 mm) and April 2014 (1.19 mm). A significant overall rootstock x 
aspect interaction was also present for root diameter (P = 0.045). ‘Dusa’ root diameters were greater 
than ‘SHSR-04’ on the east, and north sides (1.04 mm vs. 0.96 mm for the east and 1.10 mm and 
0.98 mm for the north). ‘Dusa’ feeder root diameter was marginally greater than ‘SHSR-04’ on the 
west side (1.01 mm and 1.00 mm respectively), but ‘SHSR-04’ root diameter was slightly greater 
than ‘Dusa’ on the south side (0.95 mm and 0.93 mm respectively).  
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4.4.2.2. Duranbah field site root growth vs. environmental factors  
A repeated measures analysis of variance of the Ridomil effect ratio (calculated for each tree at each 
time point) showed that there was no significant overall difference between rootstock varieties in 
the ratio of ‘Ridomil’ site feeder root growth vs. ‘No Ridomil’ site feeder root growth. (P = 0.388). 
Values above 1 indicate that Ridomil had a positive effect on root growth relative to ‘No Ridomil’ 
sites. Across rootstock varieties, no significant correlations were observed between Ridomil effect 
ratios and rainfall in the two weeks prior to each root growth assessment, or Ridomil effect ratios 
and the sum of root growth (projected area) in the ‘No Ridomil’ root window sites. Monthly 
rainfall, average Ridomil effect ratios and ‘No Ridomil’ root growth are shown in Figure 4.5. 
Ridomil effect ratios greater than 1 mean that Ridomil application has a positive effect on root 
growth relative to ‘No Ridomil’ sites. The graph shows that there is no clear relationship between 
Ridomil effect and root growth in ‘No Ridomil’ sites. Measured in December 2013, root growth of 
‘Ridomil’ sites was almost twice that of ‘No Ridomil’ sites (ratio = 1.95), slightly less when 
measured in April 2015 (1.88), less again for November 2013 root growth (ratio = 1.76), followed 
by November 2014 (1.69). The Ridomil effect was least positive when measured in December 2014 
(ratio = 1.15). Root growth of ‘No Ridomil’ sites was greatest when measured in April 2014, 
followed by December 2013, April 2015, December 2014, November 2013, and was least in 
November 2014. The month with the highest rainfall in the first year was March 2014 (269 mm), 
while the following year was wetter, with totals of 410 mm and 392 mm in January and February 
2015 respectively.   
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Figure 4.5. Average Ridomil effect ratio (sum of root growth in ‘Ridomil sites/sum of root growth 
in ‘No Ridomil’ sites), total growth in root windows that received no Ridomil application and 
monthly rainfall at Duranbah. Ridomil effects > 1 indicate that per tree, sites that received Ridomil 
had greater root growth than sites that did not receive Ridomil. Ridomil effects < 1 indicate that per 
tree, sites that received Ridomil had less root growth than sites that did not receive the treatment. 
Bars indicate standard error. 
 
4.4.2.3. Duranbah field site tree physiology 
At Duranbah, significant differences between rootstock varieties were found in stored non-structural 
starch measured in July 2013 (P = 0.001), with the average % starch for ‘Dusa’ being 3.2% while 
average percentage starch for ‘SHSR-04’ was 9.4%. A significant difference was also found for the 
degree of scion overgrowth, with trees on ‘Dusa’ rootstocks having greater scion overgrowth than 
‘SHSR-04’ rootstocks (P < 0.001, 1.134 vs. 1.012 respectively).  
 
 For all other tree physiology parameters, no other significant differences were found between 
rootstock varieties (data not shown). Across all ten study trees at Duranbah however, significant 
positive and negative correlations were found between root growth measured at assessment times 
and other tree physiology parameters (data not shown).  
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4.4.2.4. Hampton 2014/15 root window results 
Projected area data for the Hampton season 2014/15 were not normally distributed and were log-
transformed. Overall, projected area of ‘SHSR-04’ feeder roots was significantly less than ‘Reed’, 
‘Velvick’, ‘A10’ and ‘Hass’ (P = 0.002). Root growth of ‘Velvick’ was greatest, followed by ‘A10’, 
‘Hass’ and ‘Reed’, but differences between these varieties were not significant. Ridomil application 
had a highly significant negative effect on root growth overall (P < 0.001). A significant overall 
interaction was present between rootstock and Ridomil treatment (P = 0.017). Ridomil had a slight 
negative effect on localised root growth of root windows under ‘Reed’ trees, decreasing root growth 
by approx. 15%, but for ‘A10’, ‘Hass’, ‘SHSR-04’ and ‘Velvick’, the reduction in root growth was 
between 50% and 70% (variable according to whether data is log-transformed or back-transformed).  
A significant interaction was present between rootstock and aspect (P < 0.001), with ‘Reed’ and 
‘Hass’ having highest levels of root growth on the southern sides of trees, while ‘A10’ and 
‘Velvick’ had highest levels on the north sides and ‘SHSR-04’ had highest root growth measured on 
the east side. The side with the least measured root growth overall was the east for ‘Hass’, ‘Reed’ 
and ‘Velvick’, south for ‘A10’, and west for ‘SHSR-04’. Root growth of different rootstock 
varieties varied according to assessment time (P < 0.001) (Figure 4.7). For ‘A10’, ‘Hass’, ‘Reed’ 
and ‘Velvick’, the greatest amount of root growth was measured in November 2014, followed by 
December 2014 and the least amount of root growth was measured in May 2015. For ‘SHSR-04’ 
however, the greatest amount of root growth was measured in December 2014, with slightly less in 
November 2014, and less again in May 2015.   
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Figure 4.6. Feeder root growth in root window images according to rootstock variety and 
assessment time at Hampton at three assessment times between November 2014 and May 2015. 
Bars indicate standard error. 
 
The effect of Ridomil treatment also varied significantly according to assessment time (P = 0.002). 
Average Ridomil effect ratio of each rootstock variety at each assessment time was < 1, indicating 
that for individual trees at Hampton, Ridomil had an inhibitory effect on surface feeder root growth 
(Fig. 4.7). For ‘Hass’, ‘SHSR-04’ and ‘Reed’, Ridomil effect ratios decreased sequentially over 
time. For trees on ‘A10’ and ‘Velvick’ rootstocks, Ridomil effect ratios increased between 
November 2014 and December 2014, before decreasing to lower levels in May 2015.  
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Figure 4.7. Average Ridomil effect ratio (sum of root growth in ‘Ridomil sites/sum of root growth 
in ‘No Ridomil’ sites) of measured feeder roots of Hampton rootstock varieties measured at three 
time points between November 2014 and May 2015. Bars indicate standard error. 
 
Root growth relative to root window orientation around the trees varied significantly according to 
assessment time (P = 0.001). Measured in November 2014, root growth was greatest on the south 
side of trees, followed by north, west and east. A month later, measured root growth was greatest on 
the north side, followed by the south, west and east sides. In May 2015, root growth was greatest on 
the east side, followed by west, north and south.  
 
Root diameter data for the 2014-15 season at Hampton was also log-transformed in order to account 
for non-normally distributed data. No significant rootstock differences (P = 0.134) were observed, 
and Ridomil application did not have a significant effect on root diameter (P = 0.668). Differences 
between orientation around the tree were not significant (P = 0.075), with feeder roots being the 
thickest on average on the north side (0.81 mm), followed by the east (0.81 mm), west (0.79 mm) 
and south (0.78 mm). Overall differences in average root diameter were highly significant between 
assessment times (P < 0.001), with the thickest roots measured in December 2014 (0.86 mm), 
followed by May 2015 (0.82 mm), and the narrowest roots measured in November 2014 (0.72 mm).  
 
A significant rootstock x aspect effect was observed for average root diameter (P = 0.048), with 
‘Reed’ and ‘Hass’ having the thickest roots in the west side of trees, ‘SHSR-04’ having thickest 
roots on the east side, and ‘A10’ and ‘Velvick’ roots being thickest on the north side. A highly 
significant relationship was also present between rootstocks and assessment time (P < 0.001). 
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Rootstock varieties ‘A10’, ‘Hass’, ‘Reed’ and ‘Velvick’ had narrowest roots in November 2014, 
thickest roots in December 2014, and roots of intermediate thickness measured in May 2015. 
‘SHSR-04’ also had narrowest roots measured in November 2014, but intermediate roots in 
December 2014, and thickest roots in May 2015. 
 
4.4.2.5. Hampton field site tree physiology analysis 
There were no significant differences between rootstock varieties in flowering intensity measured in 
October 2014 (P = 0.304). Significant differences were observed between varieties in the degree of 
determinate growth measured in October 2014 (P = 0.005). Trees on ‘Velvick’ rootstocks had the 
greatest degree of observed determinate growth, followed by ‘SHSR-04’, ‘Reed’, ‘Hass’, and 
‘A10’. Determinate growth of ‘Velvick’ was significantly greater than all other rootstocks except 
‘SHSR-04’. ‘SHSR-04’ determinate growth was significantly greater than ‘A10’ and ‘Hass’ 
determinate growth. Determinate growth of ‘Reed’ trees was intermediate and was significantly less 
than ‘Velvick’. The amount of stored non-structural starch measured in January 2015 was also 
significantly different between rootstocks (P = 0.001) (Fig. 4.8). ‘Velvick’ rootstocks had the 
greatest amount of starch, followed by ‘Reed’, ‘SHSR-04’, ‘A10’, and ‘Hass’ had the least amount 
of stored non-structural starch. Measured in July 2015, rootstock differences were not significant 
(P = 0.096), but trends in average levels of stored non-structural starch were the same between 
rootstock varieties; ‘Velvick’ had the highest starch, followed by ‘Reed’, ‘SHSR-04’, ‘A10’ and 
then ‘Hass’. Using a repeated measures analysis of variance, overall rootstock differences were 
significant (P = 0.005) and differences between time points were highly significant (P < 0.001). 
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Figure 4.8. Differences among five rootstock varieties at Hampton in the average % non-structural 
starch content measured from trunk wood sampled in January and July 2015. Bars represent 
standard error. 
 
‘Reed’ trees had the largest average trunk girth (152 cm), followed by ‘Velvick’ (140.6 cm), ‘Hass’ 
(124 cm), ‘A10’ (123.3 cm) and ‘SHSR-04’ trees had the smallest trunk girth (94 cm). The 
difference between ‘Reed’ and ‘Velvick’ was not significant, but ‘Reed’ trunk girths were 
significantly larger than ‘A10’, ‘Hass’ and ‘SHSR-04’. Values for ‘A10’ and ‘Hass’ were 
significantly larger than ‘SHSR-04’.  
 
4.4.2.6. Investigations into possible Ridomil effects on mycorrhizal vesicle numbers  
From Duranbah, three trees per rootstock variety were sampled from, but after microscopic analysis 
of mycorrhizal vesicles, it was deemed that further replicate roots were required; therefore five trees 
per variety were sampled from at Hampton. (Roots of ‘SHSR-04’ were not sampled at this time 
point as feeder roots were scarce, and sampling may have influenced root growth measurements for 
the autumn 2015 root growth assessment). Mycorrhizal vesicles had similar appearances for all 
roots sampled from both Duranbah and Hampton trees, but sporangia with the appearance of P. 
cinnamomi were visible more frequently from Hampton roots than from Duranbah roots (data not 
shown). An example of a stained avocado root tissue with mycorrhizal vesicles is presented in 
Figure 4.9, while Figure 4.10 shows root tissue with typical P. cinnamomi sporangia.  
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Figure 4.9. Feeder root tissue of ‘Reed’ rootstock from Hampton showing ink-stained mycorrhizal 
vesicles viewed with 10 x objective.  
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Figure 4.10. Feeder root tissue of ‘Velvick’ rootstock showing mycorrhizal vesicles (V) as well as 
typical sporangia of P. cinnamomi (S) viewed with a 10 x objective.  
 
Sampled one and a half weeks after a Ridomil re-application, no significant differences in 
mycorrhizal vesicle number were observed between rootstock varieties at Duranbah (P = 0.413) or 
between roots from different Ridomil treatments (P = 0.946). The largest average number of 
vesicles was observed for ‘Latas’  (55), a non-study tree, followed by ‘SHSR-04’ roots from a 
‘Ridomil’ site (54.23), ‘SHSR-04’ roots from a ‘non-Ridomil’ site (49.55), ‘Dusa’ roots from a ‘no 
Ridomil’ site (47.4), and lastly ‘Dusa’ roots from a ‘Ridomil’ site (44.08).  
 
Mycorrhizal vesicle counts from feeder roots sampled from Duranbah after a further ten days were 
similar, but at this time, rootstock differences were almost significant (P = 0.094), and vesicle 
numbers from ‘Ridomil’ treatment roots were almost significantly greater than vesicle counts from 
non-Ridomil roots (P = 0.112). The average number of mycorrhizal vesicles for ‘Latas’ root tissue 
was 67.5, ‘SHSR-04’ Ridomil site roots had an average number of 55.95 vesicles and ‘SHSR-04’ 
V V 
S 
S 
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non-Ridomil site roots had 48.14. Results for ‘Dusa’ were comparable to ‘SHSR-04’, with an 
average vesicle number of 49.68 for non-Ridomil site roots, and 53.37 for roots from Ridomil sites.   
 
Feeder roots sampled from Hampton on 6 April (one and a half weeks post Ridomil application) 
almost had significant differences between rootstock varieties (P = 0.088) but not between Ridomil 
treatments (P = 0.301). For ‘A10’, the average number of mycorrhizal vesicles counted in roots 
sampled from non-mycorrhizal sites was 57.19, compared to 42.89 for Ridomil sites. For ‘Hass’ 
roots, an average of 47.24 vesicles were counted from non-Ridomil sites compared to 41.53 from 
Ridomil sites. ‘Reed’ average vesicle count from non-Ridomil sites was 42.81 compared to 46.29 
for ‘Ridomil’ sites, while ‘Velvick’ vesicle count was higher, at 52.09 for non-Ridomil sites and 
53.68 for Ridomil sites.  
 
Vesicle counts in feeder roots sampled from Hampton on the 17th of April (three weeks post 
Ridomil application) had significant differences between rootstock varieties (P = 0.003). ‘SHSR-04’ 
and ‘A10’ had the highest number of vesicles in stained root tissue, which were significantly greater 
than ‘Reed’ and ‘Velvick’ roots, while vesicle numbers in ‘Hass’ roots were intermediate (Figure 
4.11). For all rootstock varieties, vesicle numbers were fewer in roots sampled from Ridomil sites 
compared to non-Ridomil sites and the difference was significant overall (P = 0.006).  
 
Figure 4.11. Numbers of mycorrhizal vesicles visible in viewing rectangle measuring 1170 µm x 
1650 µm from feeder roots sampled 3 weeks post Ridomil application at Hampton. Significant 
differences between rootstock varieties are denoted by letters. Bars represent standard error. 
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4.5. Discussion   
Results obtained in the current study do not support the theory that field resistance of avocado trees 
to Phytophthora root rot is associated with greater feeder root growth relative to susceptible 
rootstock varieties. ‘Reed’ is regarded as a susceptible rootstock, but there were no significant root 
growth differences observed between ‘Reed’ and any other varieties at Hampton, including the root 
rot tolerant variety ‘Velvick’. The Duranbah rootstock varieties ‘Dusa’ and ‘SHSR-04’ are both 
highly tolerant of Phytophthora root rot, and no significant root growth differences were observed 
between them. Root regenerative ability may be a component of their overall tolerance to 
Phytophthora root rot, but to a similar degree. Surface feeder root growth of Duranbah ‘SHSR-04’ 
was found to be much higher than root growth of Hampton ‘SHSR-04’. Numerous factors may 
explain the difference, such as climate, tree age, soil type and structure, mulching practices and 
differences in orchard management including phosphonate application.  
 
Despite there being no significant rootstock differences in root growth at Hampton, a significant 
rootstock x aspect interaction was observed, with ‘Reed’ and ‘Hass’ having greatest root growth 
measured on the south side, while for ‘A10’ and ‘Velvick’, more roots were observed to be growing 
on the north side of trees. Theoretically, if there were differences in soil characteristics or slope on 
different sides of trees, rootstock differences in feeder root growth according to orientation around 
trees may have effects on tolerance to Phytophthora root rot. For Hampton ‘SHSR-04’ trees, 
measured root growth was greatest on the east side of trees, but this is likely to be due to the fact 
that the trees were located on the east side of the orchard block, apart from the block with the other 
varieties. Therefore soil temperatures on the east side of trees are likely to have been warmer due to 
sunlight increasing east side soil temperatures. At temperatures between 28 °C and 33 °C, infection 
by P. cinnamomi is suppressed and roots grow well (Pegg & Giblin, 2008). While it is likely that in 
the current study, feeder roots were growing preferentially in warmer soil, results showed that there 
are innate physiological differences between varieties in feeder root growth around trees. 
 
A significant rootstock x aspect effect on root growth was also present at Duranbah for root growth 
measured in November and December 2014. At these time points, south side root growth of ‘SHSR-
04’ trees was significantly greater than south side root growth of ‘Dusa’ trees. It is likely that the 
reduced feeder root growth on the south side of trees relative to north, east and west sides was due 
to lower soil temperatures owing to less sunlight, as the sun passes to the north, casting a shadow to 
the south. Duranbah study trees are spaced further apart than Hampton trees, which are larger and 
more closely spaced in rows that run from north to south.  
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Data from both field sites showed that there were no significant rootstock differences in average 
diameter of feeder roots. To the author’s knowledge, there have been no histological studies 
conducted on avocado feeder root diameter as it pertains to infection by P. cinnamomi. At both field 
sites, for root diameter, a significant rootstock x aspect interaction was observed. Possible 
implications for root disease are unclear.  
 
Overall, at Duranbah Ridomil application did not significantly affect feeder root growth measured 
in root windows. It was found however that Ridomil did significantly increase root growth relative 
to non-Ridomil sites when measured in November and December 2013. Ridomil contains the 
compound metalaxyl, a systemic oomycete-specific fungicide with a main mode of action of 
inhibition of RNA synthesis (Davidse et al., 1988). In the current study, Ridomil application was 
intended to act as a localised negative control against disease-causing P. cinnamomi immediately 
under root window sites. As such, it was anticipated that the effect of Ridomil application would 
manifest as a greater number of surface avocado feeder roots being visible in ‘Ridomil’ treatment 
sites relative to ‘No Ridomil’ treatment sites. The results obtained in the current study indicate that 
Ridomil may be phytotoxic to feeder roots or it may somehow indirectly affect soil conditions with 
the result that feeder root growth is inhibited. Despite these possible effects, the results for Ridomil 
effect ratio are consistent with known disease pressure at each field site. The Duranbah field site has 
high disease pressure from P. cinnamomi (Smith et al., 2011). At each assessment time in the 
current study at Duranbah, average Ridomil effect ratio was >1. In contrast, at Hampton, the overall 
effect of Ridomil application at Hampton was to decrease surface feeder root growth relative to 
non-Ridomil sites: Average Ridomil effect ratios were < 1 for all assessment times (Fig. 4.8). 
Variability of Ridomil ratio values was higher for Duranbah than Hampton (data not shown). This 
may have been due to the patchiness of surface root growth flushes, or similarly patchy areas of 
high Phytophthora pressure possibly relating to localised variations in soil topography/ drainage. 
Hampton field site trees are under standard management practices, such as yearly injections with 
phosphorous acid. Phosphorous acid is a highly systemic fungicide with dual modes of action; it has 
a direct fungitoxic effect but also stimulates host defences (Guest & Grant, 1991; Smillie et al., 
1989). It is possible that an interaction between metalaxyl and the phosphonate compound 
translocated to the roots may have been present, influencing Ridomil effect data.  
 
However another explanation is that under conditions of low disease pressure such as are present at 
Hampton, the mild (direct or indirect) phytotoxicity of Ridomil on feeder root growth is evident. By 
contrast, at Duranbah where there is high Phytophthora pressure, the phytotoxic effect of Ridomil 
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may be often masked by its intended effect of inhibition of P. cinnamomi which can be seen as 
localised growth of more feeder roots (relative to non-Ridomil sites).  
Outbreaks of Phytophthora root rot frequently occur after periods of short term flooding (Pegg & 
Giblin, 2008), therefore rainfall immediately prior to root growth assessments could plausibly 
influence Ridomil effect ratios, as disease pressure is increased and the inhibitory effect of Ridomil 
on P. cinnamomi may have been more observable as treatment differences in feeder root growth. 
No such correlation was found however, which could be due to rainfall events not being severe 
enough, effective drainage of the site or heterogeneous soil characteristics obscuring the effect. 
Alternatively, it is possible that Ridomil effects on feeder root growth are more complex and there 
are more unknown factors in action.    
 
Another unintended effect of Ridomil application is that it may affect soil flora and microflora. 
Numerous studies across different crop hosts have found that metalaxyl enhances mycorrhizal 
colonisation of roots (Afek et al., 1990, Hetrick & Wilson, 1991, Hwang, 1988, Groth, 1983). It is 
suggested that a possible reason for this is that inhibition of soil oomycetes removes them as 
competitors, allowing true fungi such as mycorrhizal spp. to flourish. In the current study, roots 
sampled one and a half weeks after Ridomil application at both field sites had no significant 
differences in vesicle counts between Ridomil treatments or between rootstock varieties. After a 
further one and a half weeks, significant differences in vesicle counts between rootstock varieties 
were found at Hampton, and vesicle counts between Duranbah rootstock varieties were approaching 
significance. Also, at this time point, vesicle counts in Hampton roots were significantly less in 
‘Ridomil’ treatment roots than ‘No Ridomil’ treatment roots, while the opposite was the case from 
Duranbah roots: ‘Ridomil’ treatment roots had significantly higher mycorrhizal vesicle counts than 
‘No Ridomil’ roots. These results indicate that Ridomil may have rootstock-specific and site-
specific effects on mycorrhizal colonisation, but these effects take several weeks to become 
apparent, as the Ridomil is broken down over time and the active component is released into the 
soil. It is also interesting that at Hampton, roots sampled three weeks post Ridomil application had 
significantly lower vesicle counts from ‘Ridomil’ roots than from ‘No Ridomil’ roots. Possible 
reasons for this are difficult to interpret, but the results indicate that there are site-specific effects of 
Ridomil on colonisation of endemic mycorrhizal species. 
 
For avocado, uptake of soil nutrients is assisted by the presence of mycorrhizal fungi (Menge et al., 
1980, Peterson et al., 1984). Mycorrhizae have been shown to increase growth and decrease 
transplant injury. However, previous work on avocado seedlings has shown that an adverse 
interaction is present between P. cinnamomi and the mycorrhizal species Glomus fasciculatus. 
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Davis et al. (1978) found that growth and phosphorous uptake of avocado seedlings of the variety 
‘Topa Topa’ was stimulated by mycorrhizal inoculation, but in the presence of P. cinnamomi, the 
mycorrhizal growth stimulus was eliminated, and phosphorous uptake was reduced to the same 
level as non-mycorrhizal plants. Percentage healthy roots, shoot weight and height increase were 
significantly less for P. cinnamomi + G. fasciculatus than for P. cinnamomi – inoculated non-
mycorrhizal plants. These results indicate that an interaction is present between P. cinnamomi and 
G. fasciculatus that is detrimental to avocado seedlings and may be associated with phosphorous 
uptake.  
 
Another potential interaction that may have been present at Hampton is the effect of phosphonate 
on soil microflora. Wongwathanarat & Sivasithamparam (1991) investigated the effect of 
phosphonate on rhizosphere microflora of avocado seedlings applied as a soil drench and foliar 
spray at the recommended rate (1 g/L) and at 10 g/L. They found that for plants that received the 
foliar application at 1 g/L, the relative proportions of microbes in the soil that were antagonistic to 
P. cinnamomi did not change, but actinomycete numbers were reduced in seedling soils that 
received the fungicidal drench. It may be possible that the rhizosphere of Hampton study trees was 
affected by yearly phosphonate injections. Seymour et al. (1994) investigated the effects of anti-
oomycete fungicides including metalaxyl and phosphonate on root colonisation of Zea mays with 
Glomus spp. It was found that at rates recommended for Pythium control, phosphonic acid was 
phytotoxic to maize plants, stunting root growth, and causing rosetted and spindly tops and leaf 
streaking. Phosphonic acid also slightly decreased mycorrhizal colonisation and significantly 
decreased mycorrhizal root length. By contrast, metalaxyl applied at the recommended rate showed 
no phytotoxic effects and no effect on mycorrhizal colonisation. It is plausible that phosphonate 
injections of Hampton study trees affected feeder root growth.  
 
In the first season of field work at both field sites, Ridomil was re-applied at 12-week intervals 
according to the manufacturer’s recommendations. Due to the observation that Ridomil did not have 
the anticipated effect of increasing root growth relative to non-Ridomil sites, for the second season, 
re-application occurred every seven weeks from October 2014 to April 2015. Ridomil effect ratio 
data from the Hampton field site indicates that the inhibitory effect of Ridomil on root growth 
intensified between November 2014 (0.74) and May 2015 (0.45). Possible phytotoxicity due to the 
frequency of Ridomil re-applications (seven weeks instead of twelve) would only have influenced 
May 2015 data, as November and December 2014 root growth assessments occurred prior to the 
first re-application. Bailey & Coffey (1985) found that the average half-life of metalaxyl in avocado 
growing soils with prior exposure to usage of the chemical was 28 days. Only one of eight soils 
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with no prior exposure to metalaxyl was capable of degrading it. Trees at both field sites in the 
current study would have had exposure to Ridomil during planting and for a period of time 
afterwards to assist establishment. The current study did not investigate if site-specific differences 
in soil microbial populations had any influence on breakdown of metalaxyl in soils or possible 
implications for feeder root growth. Soils at both sites would have had at least five years lapse 
between Ridomil applied after planting and Ridomil applied in this study.  
 
For trees at Duranbah, few rootstock differences were observed in tree physiology parameters. In 
the study by Smith et al. (2011) on the same plant material, ‘SHSR-04’ trees were significantly 
healthier than ‘Dusa’ trees assessed 19 months after planting. No such difference in health was 
detected in the current study where tree health was assessed four times between February 2014 and 
July 2015. This suggests that there are developmental differences between ‘Dusa’ and ‘SHSR-04’ 
rootstocks in their tolerance to Phytophthora root rot. Individual tree health ratings varied greatly 
between assessment times, and some trees that were observed to have poor health at one time point 
had improved markedly by the next health assessment (data not shown). Subjective assessments of 
overall tree health on a scale of zero to ten were not a reliable indicator of future tree performance. 
One of the possible reasons why individual tree health ratings fluctuated so widely between 
assessments is that the presence of a strong vegetative flush since a previous health assessment 
would have improved the visual impression of tree health.  
 
‘Dusa’ rootstocks had a slight degree of graft incompatibility with ‘Hass’ scions while ‘SHSR-04’ 
did not. There is no evidence that the graft incompatibility had any effect on root growth or tree 
physiology relative to ‘SHSR-04’. To the best of the author’s knowledge, graft incompatibility 
between ‘Dusa’ rootstocks and ‘Hass’ scions has not been reported previously in published studies. 
At Duranbah, stored non-structural starch measured in July 2013 was significantly higher for 
‘SHSR-04’ than for ‘Dusa’ trees, while winter feeder root growth was greater for ‘Dusa’ than for 
‘SHSR-04’. The results of this initial trial suggested that there may be inherent rootstock 
differences in carbohydrate cycling, with ‘SHSR-04’ storing more carbohydrate in preparation for 
the next fruiting season, and ‘Dusa’ directing the energy into winter feeder root production instead. 
Subsequent data over the next two seasons does not support this however, as there were no 
significant rootstock differences found in stored non-structural starch or root growth.  
 
Few significant varietal differences were observed in tree physiology parameters at Duranbah, 
whereas for Hampton trees, varietal differences were observed in determinate growth and stored 
non-structural starch. ‘Velvick’ determinate growth and January 2015 non-structural starch were 
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significantly greater than all other varieties. While root growth differences between ‘Velvick’ and 
other varieties were not significant (apart from ‘SHSR-04’, which was not part of the same 
randomised block trial), ‘Velvick’ root growth was second highest after ‘A10’ in November 2014, 
and highest in December 2014 and April 2015. The higher starch levels were unlikely to be due to 
tree stress, as all trees appeared very healthy. All Hampton trees appear to be performing well 
however, as no significant rootstock differences were observed between yield parameters. ‘SHSR-
04’ trees at Hampton are planted on the edge of the block and are not part of the same randomised 
block trial as trees on ‘Reed’, ‘Hass’, ‘A10’ and ‘Velvick’ rootstocks. Therefore, significant 
differences between ‘SHSR-04’ and other rootstock varieties in determinate growth and stored non-
structural starch may be due to edge effects or differences in age.  
 
A major limitation of this study was the assumption that root growth observed and photographed at 
the soil surface is directly related to total feeder root growth for individual trees. Surface root 
growth was especially low at Hampton. These trees were large and vigorous; therefore it is likely 
that substantial feeder root growth was occurring at lower depths. Root distribution of individual 
avocado trees is influenced by a multitude of factors (Salgado & Cautín, 2008). These factors 
include soil type, season, rootstock variety, irrigation method and applied water volume. The 
presence of the minerals calcium, boron and magnesium also influence root growth (Wolstenholme, 
1981), as does temperature (Whiley et al. 1988). The influence of soil type on root distribution is 
complex, as different soils have different degrees of compaction, soil moisture levels, water-holding 
capacities and air spaces (Salazar-García & Cortés-Flores, 1986). Irrigation method has a strong 
influence on root distribution, as roots grow preferentially in wetted soil. There are small, dense 
areas of root growth focussed around drip emitters and larger areas of root growth around 
microsprinklers (Salgado & Cautín, 2008). In the current study, soil types at Duranbah and 
Hampton differed and sprinkler location was not factored into the data analysis. If this study were to 
be repeated, vertical root windows would be installed instead of surface root windows to take into 
account the likelihood of subsurface root growth, and microsprinkler location relative to root 
window location would be more strictly monitored.  
 
In conclusion, in the current study of avocado trees across six varieties at two field sites, no strong 
evidence was found that feeder root growth is a substantial component of the overall tolerance of 
varieties with known field resistance. Further studies should take place in orchards that are not 
injected with phosphonate, in order to rule out any possible interactions between metalaxyl and 
phosphonate translocated to the roots. Also, future studies should further investigate the likely 
causes of the inhibitory effect of Ridomil on avocado feeder root growth, as this could have 
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implications for future management practices. For example, if in the absence of P. cinnamomi, 
Ridomil application is phytotoxic to feeder roots, application may not be recommendable 
immediately after planting young trees.   
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Chapter 5. Differences in disease lesion extension and Phytophthora cinnamomi growth 
through tip-inoculated feeder roots of a resistant and susceptible Persea americana variety  
 
5.1. Abstract 
The aim of this study was to investigate whether restriction of pathogen colonisation in root tissue 
may be a mechanism of resistance in the field-resistant rootstock variety ‘Velvick’ relative to field-
susceptible ‘Reed’ and whether there are differences in host response in terms of disease lesion 
lengths and lesion margin after inoculation with Phytophthora cinnamomi. Root tips of seedling 
‘Reed’ and ‘Velvick’ plants were inoculated in planta and assessed at 72 hr and 96 hr after 
inoculation for lesion length and visual differences in margin between necrotic and healthy tissue. 
Isolations of 4 mm sections onto Phytophthora-selective media were performed and crude DNA 
extracts from one millimetre root sections were used in P. cinnamomi-specific PCR to investigate 
varietal differences in detection limits ahead of the advancing lesion. At both 72 hpi and 96 hpi, 
lesion lengths of inoculated ‘Velvick’ roots were significantly longer than ‘Reed’ (P =  0.027). The 
margin between necrotic and healthy tissue was significantly more likely to be discrete than gradual 
in ‘Reed’ roots than ‘Velvick’ (P = 0.008). The PCR assay indicated that P. cinnamomi was 
detected further ahead of the advancing lesion in ‘Reed’ roots than ‘Velvick’, but the difference was 
not statistically significant (P = 0.147). Isolation data indicated that at 6 mm ahead of the lesion 
front, P. cinnamomi could be detected more frequently in ‘Reed’ than ‘Velvick’ roots, but 
differences in the second isolation experiment were not significant. Results suggest that there are 
physiological differences between ‘Reed’ and ‘Velvick’ in response to P. cinnamomi infection and 
restriction of pathogen proliferation through root tissue was not found to be a significant component 
of the field resistance of ‘Velvick’.  
 
5.2. Introduction 
Resistance of avocado rootstock varieties to Phytophthora root rot caused by Phytophthora 
cinnamomi is complex and likely to be under polygenic control (Douhan et al., 2011, Violi et al., 
2006). Possible mechanisms of resistance that have been identified in previous studies include root 
regenerative ability (Kellam & Coffey, 1985, Gabor & Coffey, 1990), and reduced attractiveness of 
feeder roots to infective motile zoospores (Botha et al., 1990, Aveling & Rijkenberg, 1991, Christie, 
2012). Studies have also shown that constitutive and induced biochemical defences may contribute 
to the defence response of certain rootstock varieties. Phillips et al. (1991) observed that hyphal 
growth in media immediately adjacent to callus tissue of resistant ‘Duke 7’ and ‘Martin Grande’ 
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was stunted in comparison to susceptible ‘Topa Topa’, suggestive of possible biochemical 
inhibition. Sanchez-Perez et al. (2009) found that a Mexican variety produced a substance called 
stigmastan-3,5-diene, which strongly inhibited in vitro growth of P. cinnamomi.  
  
Production of a protective cell layer between diseased and healthy root tissue has been observed as 
a successful defence response (Phillips et al., 1987, Pozniak & Pinkas, 1996, Dugger & Zentmyer, 
1981). Deposition of callose papillae also appears to be an effective induced response to 
P. cinnamomi infection. Christie (2012) observed that in a resistant variety, callose was deposited 
next to sites of penetration, appearing to restrict hyphal growth while in a susceptible variety, lignin 
was produced, which was not effective in restricting hyphal growth.  
 
In histological studies, Phillips et al. (1987) consistently found viable P. cinnamomi within 
inoculated feeder root tissue of ‘Duke 7’ up to 6 mm ahead of the visible lesion front. They also 
found that up to 3.5 cm ahead of the lesion front, tyloses and ‘detritus’ lining the inside of xylem 
vessel walls were present in inoculated but not in mock-inoculated roots. ‘Duke 7’ is a resistant 
rootstock variety that was developed from a Californian breeding and selection programme (Coffey, 
1987). The rootstock does not always perform well under high Phytophthora pressure however. In a 
study of comparative health of different rootstock varieties, assessed 22 months after planting, trees 
with ‘Duke 7’ rootstocks were significantly less healthy than ‘Dusa’, ‘SHSR-04’ and ‘Hass’ (Smith 
et al., 2011).  
 
In general, zoospores are attracted to and encyst on the zone of elongation just behind the root tip 
(Zentmyer, 1961). After encystment and hyphal penetration of root tissue, necrosis extends along 
the infected root. Phillips et al. (1987) observed that lesion appearance was temperature dependent, 
with lesions appearing within 24 – 48 hrs at temperatures above 25 °C, and within 96 hr at 15 °C. 
 
For resistance to Phytophthora root rot, the West Indian x Guatemalan rootstock variety ‘Velvick’ is 
the Australian industry standard (Le Lagadec, 2011).  ‘Reed’ a ‘Guatemalan’ rootstock is regarded 
as susceptible to Phytophthora root rot when grown on the east coast of Australia (Smith et al., 
2011). ‘Velvick’ is described as performing well where P. cinnamomi is present in the soil (Crane et 
al., 2013, Whiley et al., 2007) however it does not always have superior resistance to the disease. In 
the rootstock health study of Smith et al. (2011), assessed at 22 months after planting, clonal and 
seedling ‘Velvick’ were only slightly healthier than ‘Reed’ (seedling). ‘Velvick’ rootstocks were 
significantly less healthy than ‘SHSR-04’ and ‘Hass’ on its own roots. Giblin et al. (2005) found 
that under low disease pressure, 18-month-old ‘Velvick’ rootstocks were healthy (mean tree 
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health = 1.3, using scale from Darvas et al. (1984) where 0 = healthy and 10 = dead), but planted in 
an area of high disease pressure, average tree health was worse with mean tree health of 6.6.  
 
The mechanisms by which ‘Velvick’ is better able to tolerate low levels of root rot disease than 
‘Reed’ are unknown. No detailed studies have been undertaken on histological differences between 
the rootstock varieties or rates of extension of P. cinnamomi within inoculated roots of ‘Velvick’ or 
‘Reed’ plants. The current study seeks to identify possible differences between ‘Velvick’ and 
‘Reed’ seedling varieties in growth of P. cinnamomi hyphae within tip-inoculated feeder roots in 
relation to the length of the disease lesion. Specifically, the research questions are: 
 
i). Do colonisation rates of P. cinnamomi through inoculated feeder root tissue of two 
avocado rootstock varieties reflect known field resistance? 
 
ii). Are there differences between two varieties in the length of the P. cinnamomi lesion after 
inoculation? 
 
The hypothesis tested in the first research question is that detection of P. cinnamomi in inoculated 
root tissue will reflect known field resistance i.e. colonisation rates of the pathogen will be faster in 
the susceptible variety ‘Reed’ than the resistant variety ‘Velvick’. The hypothesis tested in the 
second research question is that a longer lesion will be visible for the susceptible variety ‘Reed’ in 
response to faster growth of the pathogen. The rationale for this study is to investigate whether the 
field resistant variety ‘Velvick’ possesses resistance mechanisms that enable it to limit pathogen 
growth and consequently extension of the disease lesion.  
 
5.3. Materials & methods 
5.3.1. Main inoculation experiment 
Seedlings of varieties ‘Reed’ and ‘Velvick’ that were three weeks old and approx. 20 cm in height 
were obtained from Anderson’s Nursery in northern NSW.  Seedlings were maintained in a 
temperature-controlled glasshouse at 25 °C ± 3 °C for a further five weeks. Osmocote granules 
were applied as a top dressing at a rate of 2-3 g/L (N: P: K = 9: 1: 4) and plants were watered daily 
with 40 mL dH2O using automatic drippers. On the day of inoculation, four ‘Reed’ and four 
‘Velvick’ seedlings were removed from pots and root systems were washed free of adhering soil. 
Seedlings were lain down on long Perspex sheets so that root systems were resting on several layers 
of paper towel moistened with dH2O. Per plant, six intact unsuberised roots were selected, five 
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which were subsequently inoculated with zoospore suspension were labelled with red sticky tape at 
> 5 cm from the root tip and one root which was subsequently mock-inoculated was labelled with 
green sticky tape. Four of the five red tape-labelled roots were used for PCR and one for selective 
isolations while the green-labelled mock-inoculated root was used for both PCR and isolations. On 
the tip of each selected root, a 100 µL PCR tube was placed in preparation for subsequent 
inoculation and several layers of moistened paper towel were also placed over the top of root 
systems to prevent dessication. Zoospore inoculum was produced using the altered method of Byrt 
and Grant (1979) and two hours after exposing the P. cinnamomi isolate to a 20 minute period at 
2 °C, zoospore concentration was determined using a haemocytometer. Seventy microlitres of 
zoospore inoculum of 1 x 103 zoospores/mL was pipetted into tubes (approx. 70 zoospores per 
tube), or 70 µL dH2O for mock-inoculated roots, which were placed back on selected roots and 
small strips of blu-tack at the tube mouths were used to hold them in place. The length of feeder 
root tip within the tube (i.e. the inoculation or mock-inoculation zone) was 16 mm in length. 
Moistened paper towels were replaced over root systems and were misted periodically with dH2O in 
order to maintain high humidity. After 50 minutes, tubes were removed from root systems, plants 
were potted into clean 140 mm pots containing vermiculite, and plants were watered immediately to 
saturation. Plants were manually watered once every day until roots were harvested. Four ‘Velvick’ 
and four ‘Reed’ plants were inoculated at one time, half of which had roots harvested at 72 hpi and 
half of which had roots harvested at 96 hpi. The experiment was repeated four times using different 
plant material. 
 
At 72 or 96 hpi, plants were removed from pots containing vermiculite, and adhering vermiculite 
was washed off with dH2O. Inoculated and mock-inoculated roots were harvested and photographed 
next to a ruler in order to measure the length of any observable lesion. All harvested roots were 
placed into individual 1.5 mL microcentrifuge tubes. Four inoculated roots per plant were stored at 
20 °C for later use and one inoculated and one uninoculated root per plant was stored in the fridge 
at 2 °C for isolations onto selective media. Roots were surface sterilised by submerging in 70 % 
EtOH for 30 seconds, followed by dH2O for 30 seconds. Roots were blotted dry onto clean paper 
towel, and 4 mm sections were made according to the diagram in Figure 5.1. For mock-inoculated 
roots, after the 4 mm tip had been removed, remaining root tissue was stored at -20 °C to be used in 
subsequent PCRs.  
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Figure 5.1. Diagram of four-millimetre sections of P. cinnamomi-inoculated and mock-inoculated 
avocado feeder roots taken for isolations onto Phytophthora-selective media. Four-millimetre 
sections (green) taken of mock-inoculated feeder roots (left), and inoculated feeder roots either 
displaying no visible lesion (centre) or a lesion that extends past the 16 mm inoculation zone. Gaps 
between sections are 4 mm. Letters correspond to ‘proximal’, ‘medial’ and ‘distal’ sections in 
relation to inoculated tips (‘P’, ‘M’ and ‘D’ respectively).  
 
Four-millimetre sections were embedded into Phytophthora-selective CMA media ( + 2 g/L CaCO3, 
0.2 g/L Vancomycin sulphate, 0.625 mL Pimaricin, 0.1 g/L PCNB and 0.05 g/L Hymexazol ). 
Plates were incubated at 23 °C in the dark and presence of corraloid mycelia typical of 
P. cinnamomi was assessed using a light microscope after two and three days.  
 
Disease lesions were defined as the continuous area of brown discoloration from the root tip. The 
lesion front was the boundary between brown and white/yellow root tissue. Lesion lengths were 
measured using the ‘Paint’ tool in Gimp version 2.8.10, where the length of a straight line can be 
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drawn and concurrently measured in pixels. To mimic the likely region of zoospore exposure inside 
inoculation tubes, a single straight line was drawn for the 16 mm inoculation zone, but root 
curvature was followed for subsequent lesion lengths.  The sum of straight lines drawn to trace the 
entire visible lesion was determined and divided by the number of pixels corresponding to a 10 mm 
increment of the ruler. Diameter of roots was determined using the same pixel measurement 
technique by taking the average of four measured diameter points along each inoculated root. For 
inoculated roots displaying a visible disease lesion, the junction between necrotic and healthy tissue 
was recorded as ‘discrete’ or ‘gradual’. For roots displaying a gradual margin, the lesion front was 
half-way between ‘healthy’ white/yellow root tissue and the distal end of tissue that was dark brown 
in colour. Figure 5.2 shows an inoculated root harvested at 72 hpi displaying a discrete lesion 
margin (left) and another root with a gradual lesion margin (right).  
 
 
Figure 5.2. Disease lesions of tip-inoculated avocado feeder roots assessed at 72 hpi showing a 
discrete (D) and gradual (G) lesion margin. A clear distinction between brown and white root tissue 
is visible in (D) whereas the boundary between brown and white tissue in (G) is gradual.   
 
 
Roots frozen for use in PCRs were thawed, and one-millimetre sections were made according to the 
diagram below, simultaneously cross-referencing with known lesion lengths from pictures, as 
colour of inoculated root tissue often altered after freeze/thawing. For mock-inoculated roots, 
removal of the 4 mm tip section was taken into account for PCR sectioning.   
D G 
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Figure 5.3. One-millimetre sections of P. cinnamomi-inoculated roots with and without a disease 
lesion used for crude DNA extractions and PCR. Sections taken of inoculated and mock-inoculated 
feeder roots that have no lesion visible (left) and have a lesion visible (right) that extends further 
than the inoculation tube length. Numbers correspond to millimetres from the inoculation zone (left) 
or the lesion front (right). 
 
The crude extraction method of Xin et al. (2003) (see Appendix) with minor modifications was used 
to obtain genomic DNA from 1 mm root sections. Plastic pestles were used to pulverise root tissue 
prior to the 95 °C incubation step, which was 5 minutes duration instead of 10 minutes.  
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In order to provide a Persea americana-specific gene region, amplification of an Actin gene 
fragment was tried initially using the primers Actin-for and Actin-rev described in Engelbrecht & 
van den Berg (2013).  In the current study, successful amplification using these primers was not 
achieved. Previously designed (A. Geering, unpublished data) P. americana-specific CONTIG 2F 
and CONTIG 3R primers were used as host standards. In order to demonstrate that negative PCR 
results were not due to the presence of PCR inhibitors and to confirm the presence of P. americana 
DNA, CONTIG 2F and 3R PCRs were performed on a subset of samples. Two primer sets were 
trialled for amplification of P.cinnamomi: ITS primers A2/I2 (Drenth et al., 2006) and LPV3-for 
and LPV3-rev as described in Kong et al. (2003). Internal nested primers (LPV3N-for & LPV3N-
rev) as described in Engelbrecht & van den Berg (2013) were found to amplify non-specific DNA. 
Therefore, the LPV3 gene region of the P. cinnamomi isolate used in the current study 
(BRIP 59174) was sequenced (Macrogen Standard-seq sequencing service, Seoul, Korea) and new 
internal primers were designed using the Oligonucleotide Properties Calculator (Northwestern 
University, Chicago): LPV4N-for and LPV4N-rev.  
 
Each CONTIG PCR reaction contained a final concentration 1 x PCR buffer, 0.2 mM dNTPs, 
1.5 mM MgCl2, 0.2 µM each primer, 1 U Taq polymerase, 0.1% w/v BSA, 1% w/v PVP and 0.8 µL 
crude DNA extract.  LPV3 PCRs were performed on all samples according to the same PCR 
formula, but with 1.2 mM MgCl2. For the LPV4N nested PCR 0.8 µL of each LPV3 PCR product 
was used as template, with the same general formula as described for CONTIG 2F /3R. 
Thermocycling conditions for both CONTIG 2F/3R and LPV3 were 95 °C for 1 minute, followed 
by 35 repeats of 95 °C for 15 seconds, 55 °C for 15 seconds, 72 °C for 30 seconds, and a final 
extension step at 72 °C for 2 minutes. Thermocycling conditions for LPV4N were 95 °C for 1 
minute, followed by 30 repeats of 95 °C for 15 seconds, 60 °C for 15 seconds, 72 °C for 30 
seconds, and a final extension step at 72 °C for 2 minutes. Sequences of primers used in the current 
study are presented in Table 5.1. 
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Table 5.1. Primer sequences, target genes, fragment sizes and sources of PCR primers for Persea 
americana (CONTIG-2F/3R) and Phytophthora cinnamomi (LPV3 and LPV4N) used in the 
current study 
Primer Sequence (5’ – 3’) Target gene Product size Reference 
CONTIG-2F TGCATCCACATCCAATCTCA GAPDH 310 Unpublished data 
CONTIG-3R CAGTTTGTTAACTTCAGTGGA GAPDH 310 Unpublished data 
LPV3-for GTGCAGACTGTCGATGTG Lpv3 450 Kong et al. (2003) 
LPV3-rev GAGGTGAAGGCTGTTGAG Lpv3 450 Kong et al. (2003) 
LPV4N-F GTCGAAGACGGCACGCAGAC Lpv3 356 Current study 
LPV4N-R GTCGGCACCACCACCTTCAT Lpv3 356 Current study 
 
5.3.2. Supplementary isolation experiment 
Seven weeks after the initial inoculation experiment for PCR, four ‘Reed’ and four ‘Velvick’ 
seedlings were used for a subsequent experiment to investigate presence of P. cinnamomi ahead of 
the visible lesion front, determined by isolation from root segments, as previously described in 
Fig. 5.1. Per plant, four roots were inoculated and one was mock-inoculated and roots were 
harvested at one time point (72 hpi). 
 
5.3.3. Data analysis 
Data was analysed using GenStat 16th Edition (VSN International Limited). PCR detection data 
analysed was the furthest distance (mm) ahead of the advancing lesion that LPV-4N primers yielded 
a positive band visualised using gel electrophoresis. Possible differences between varieties in lesion 
lengths and limit of PCR detection of P. cinnamomi at different time points were assessed using 2-
way unbalanced ANOVA blocked by experimental batch. Possible varietal differences in the type 
of lesion margin, potential association between average root diameter and lesion margin, and for the 
isolation experiments, varietal differences in presence/ absence of P. cinnamomi growing from 
plated root segments were assessed using generalised linear modelling (McCullagh & Nelder, 1989) 
under the binomial distribution and logit link. Adjusted mean proportions, and their standard errors, 
were estimated. Possible varietal differences in numbers of inoculated roots that had no lesion were 
also assessed using binomial regression. Possible associations between the type of lesion margin 
(discrete or gradual) and average root diameter were assessed using generalised linear modelling. 
Potential associations between disease lesion lengths and average root diameter were analysed using 
simple linear regression. Consistency of varietal differences between independent experiments was 
assessed using simple linear regression grouped by experimental batch.  
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5.4. Results 
5.4.1. Lesion extension 
Lesion length results for inoculated roots according to variety between the four independent 
experiments were highly significantly correlated (P < 0.001), and data presented are combined from 
these. For inoculated feeder roots that had exhibited a visible disease lesion, overall differences 
between varieties were significant (P = 0.027) and differences between time points were highly 
significant (P < 0.001). Mean lesion length of inoculated ‘Reed’ roots was 22.9 mm harvested at 
72 hpi and 30.4 mm at 96 hpi while for ‘Velvick’, mean lesion length at 72 hpi was 27.7 mm and at 
96 hpi, mean lesion length was 37.1 mm (Fig. 5.4). Binomial regression of type of lesion margin 
(discrete vs. gradual) was significantly different between ‘Velvick’ and ‘Reed’. Disease lesions of 
‘Reed’ roots were significantly more likely to have a visually distinct margin with healthy root 
tissue than ‘Velvick’ disease lesions (P = 0.008, 74% versus 48% respectively, LSD = 19). Some 
roots had a visible disease lesion but were excluded from the lesion extension analysis due to the 
presence of a breakage at the margin between necrotic and healthy tissue. Including this data, the 
percentage of inoculated roots that had no visible disease lesion was 21% for ‘Reed’ and 14% for 
‘Velvick’. This difference was not statistically significant (P = 0.304). Overall, six of 32 mock-
inoculated roots also exhibited discoloration from the root tip. Regression analysis of inoculated 
roots only showed that there was no significant overall association between lesion length and root 
diameter (P = 0.448). Average root diameter had no significant association with margin type 
(P = 0.759).  
 
 
154 
 
 
Figure 5.4. Average disease lesion length of ‘Reed’ and ‘Velvick’ feeder roots tip-inoculated with 
P. cinnamomi zoospores and harvested at 72 and 96 hpi. Results are the average of four independent 
replicates. Values are adjusted means and for each time point letters above columns denote 
significant differences to P ≤ 0.05.   
 
5.4.2. PCR detection  
PCR primers CONTIG 2R/3F specific for P. americana host tissue performed on a subset of crude 
extracts from uninoculated and inoculated roots yielded positive bands for all sections (data not 
shown). PCR detection data analysed were from inoculated roots that had a visible lesion and no 
breakage at the margin between necrotic and healthy tissue. When results of the PCR assay were 
analysed relative to the disease lesion front, adjusted mean values for the detection limit of 
P. cinnamomi DNA from inoculated roots were 9.31 mm ahead of the disease lesion for ‘Reed’ and 
7.28 mm ahead of the disease lesion for ‘Velvick’. The overall varietal difference was not 
significant however (P = 0.147). There was no significant difference in detection limit relative to 
the lesion front between inoculated roots harvested at 72 hpi and those harvested at 96 hpi 
(P = 0.433). Figure 5.5 shows PCR detection results relative to the lesion front. The figure shows 
that at both time points, P. cinnamomi can be detected further ahead of the lesion front in ‘Velvick’ 
than ‘Reed’ tissue. When PCR data were analysed according to the total distance from the root tip 
to the furthermost positive result, results between varieties were also non-significant, but highly 
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variable, possibly due to the fact that infection points may have been anywhere within the 16 mm 
inoculation zone, therefore this data is not shown. 
 
 
Figure 5.5. PCR detection results from tip-inoculated ‘Reed’ and ‘Velvick’ feeder roots harvested 
at 72 and 96 hpi relative to lesion lengths. Coloured areas are adjusted mean lesion lengths from 
Fig. 5.3 and grey areas are mean detection limits relative to mean lesion lengths. Bars are standard 
errors of PCR detection.  
 
Of inoculated roots that showed no visible disease lesion, two out of twelve ‘Reed’ roots and one of 
seven ‘Velvick’ roots had a positive PCR result for P. cinnamomi. Figure 5.6 shows a representative 
result from the assay showing 356 bp fragments amplified from two inoculated ‘Velvick’ roots 
harvested at 72 hpi using the nested primers LPV3N/ LPV4N. The uninoculated root is negative for 
all sections, while the detection limit of inoculated root ‘1’ is 9 mm ahead of the lesion and 
inoculated root ‘2’ is positive up to 5 mm ahead of the lesion. 
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Figure 5.6. LPV4N PCR results using crude DNA extracts from 1 mm sections from mock-
inoculated and inoculated ‘Velvick’ feeder roots harvested at 72 hpi. Fragments are 356 bp long and 
numbers above lanes indicate section locations relative to the lesion margin. Lane ‘L’ is the 
InvitrogenTM 100 bp + DNA ladder. 
 
5.4.3. Isolations  
No P. cinnamomi was recovered from mock-inoculated root segments. Table 5.2 shows that for 
proximal, medial and distal sections, the pathogen was isolated more frequently from ‘Reed’ than 
from ‘Velvick’. A significant (P < 0.05) difference between inoculated ‘Reed’ and ‘Velvick’ tissue 
was found in the recovery of P. cinnamomi from distal sections (6 mm ahead of the advancing 
lesion). Varietal differences were not significant for medial and proximal sections (data not shown).   
 
Table 5.2. Recovery of Phytophthora cinnamomi from inoculated feeder roots (%) displaying a 
lesion in the main experiment 
Section location  
(relative to lesion front) 
Reed (n = 7 roots, 1 per plant) Velvick (n = 10 roots, 1 per plant) 
Distal (+6 to +10 mm) 57.1 10.0 
Medial (-2 to +2 mm) 71.4 60.0 
Proximal (-10 to -6 mm) 85.7 50.0 
 
P. cinnamomi was isolated from the medial and proximal sections of one inoculated ‘Reed’ root that 
had no visible disease lesion. 
 
  L     -1     +1     +5      +9    +13   +17    -1     +1     +5     +9    +13   +17    -1     +1     +5     +9    +13   +17 
          Mock-inoculated root            Inoculated root 1          Inoculated root 2
157 
 
 The % recovery of P. cinnamomi from segments of inoculated roots that displayed a lesion in the 
supplementary inoculation experiment is shown in Table 5.3. For both ‘Reed’ and ‘Velvick’ root 
sections, the pathogen was isolated least frequently from distal sections, more frequently from 
medial sections and most frequently from proximal sections. No significant varietal differences 
were observed from distal sections. Likewise, no significant varietal differences were observed for 
isolation success from the medial and proximal segments (data not shown). 
 
Table 5.3. Recovery of Phytophthora cinnamomi from inoculated feeder roots (%) that displayed 
a lesion in supplementary isolation experiment 
Section location  
(relative to lesion) 
Reed (n = 13 roots from 4 plants) Velvick (n = 8 roots from 4 
plants) 
Distal (+6 to +10 mm) 38.5 37.5 
Medial (-2 to +2 mm) 53.9 50 
Proximal (-10 to -6 mm) 69.2 83.3 
 
No P. cinnamomi was isolated from inoculated roots that had no visible disease lesion. 
 
 
5.5. Discussion 
The results of this study showed that lesion lengths from inoculated root tips were significantly 
longer for the field-resistant ‘Velvick’ than for field-susceptible ‘Reed’, but differences in absolute 
distance travelled by the pathogen were inconclusive. This finding contradicts the commonly 
observed phenomenon that ‘resistance’ of host plants to infection by P. cinnamomi is associated 
with containment of the pathogen and restriction of lesion extension. For example, in glasshouse 
studies, Dolan & Coffey (1986) observed this phenomenon in inoculated etiolated shoots and feeder 
roots across clonal avocado material of rootstock varieties ‘G755’, ‘G1033’, ‘G6’ and ‘Duke 7’. It 
has also been observed in a range of other plant species (Cahill et al., 1989, Cahill et al., 1993, 
Robinson & Cahill, 2003, Allardyce et al., 2012).  
 
Phillips et al. (1987) found that viable P. cinnamomi could be isolated up to 6 mm ahead of the 
lesion front after inoculation in tip-inoculated ‘Duke 7’ roots. The results of the PCR-based assay in 
the current study are comparable, with the average detection limits from inoculated ‘Reed’ and 
‘Velvick’ tissue being 9.31 mm and 7.28 mm ahead of the visible lesion respectively. Therefore, the 
results of the PCR assay are consistent with the results of Phillips et al. The isolation data in the 
first experiment support the PCR detection results, as the pathogen could be detected significantly 
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more frequently from distal sections of inoculated ‘Reed’ tissue than ‘Velvick’ (6 mm ahead of the 
lesion front). Results from the supplementary inoculation experiment are less conclusive.   
 
At 72 and 96 hpi, average lesion lengths of ‘Velvick’ roots were 4.8 mm and 6.7 mm longer than 
‘Reed’ respectively (Figure 5.4). The rate of lesion extension appeared to be accelerating faster in 
‘Velvick’, with the difference between average lesion length of ‘Velvick’ and ‘Reed’ slightly larger 
at 96 hpi than at 72 hpi.  
 
‘Duke 7’ is a commercial resistant variety released by the Californian rootstock breeding and 
selection program in the mid-1970s. In the study by Phillips et al., lesion extension did not continue 
indefinitely, but was arrested after a period of time. The precise period of time is not described, but 
the authors note that the time taken for lesion arrest is inversely related to temperature. Phillips et 
al. (1987) defined a disease lesion as brown-stained tissues that were heavily necrotic. In the same 
study, it was observed that there were two distinct zones within the necrotic tissue. Zone 1 was 
heavily infected necrotic tissue while Zone 2 corresponded to tissue at the end point of the lesion. 
Zone 1 tissue was heavily colonised by intra- and extracellular hyphae throughout the cortex and 
stele. There was evidence of cell wall degradation and the presence of phenols and tannins. Xylem 
vessels had reduced lignification and tyloses were abundant. In Zone 2, degradation of cell walls 
and hyphal growth was restricted to the cortex while cells immediately in front of necrotic tissue 
had undergone random anticlinal and periclinal cell wall division, to form a cell layer termed 
necrophylactic periderm that acted as a barrier between necrotic and uninfected root tissue. The 
production of a protective cell layer between necrotic and healthy tissue was also observed in 
histological studies by Pozniak & Pinkas (1996) and Dugger & Zentmyer (1981). Phillips et al. 
(1987) observed in Zone 3 (healthy tissue immediately adjacent to Zone 2) that tissue in the cortex 
and stele was healthy, there were no tannins or polyphenols and there were no hyphae. It was 
observed however that tyloses and ‘detritus’ was present in the inside of vessel walls as far as 
3.5 cm ahead of the lesion front. 
 
During the early phases of P. cinnamomi infection, differential regulation of numerous defence-
related avocado genes has been shown (Mahomed & van den Berg, 2011). Christie (2012) observed 
that resistance of avocado roots to P. cinnamomi infection was associated with more rapid β-1,3-
glucanase and superoxide dismutase activities as soon as 6 hpi in a resistant variety. By measuring 
expression levels of five defence-related NPR1-like genes after treatment with salicylic acid (SA), 
jasmonic acid (JA) and inoculation with P. cinnamomi, Backer et al. (2015) found that at 12 hpi, 
expression of PaNPR2 and PaNPR4 was significantly lower in the resistant variety ‘Dusa’ than in 
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the susceptible variety ‘R0.12’. It is suggested that the switch from biotrophic to necrotrophic 
growth may occur around this time, and that in ‘R0.12’, increased expression of PaNPR1-like 
defence-related genes may suppress the JA/ET pathway, relative to ‘Dusa’, which perceives and 
reacts to the change in growth habit more quickly. Cell death and deposition of phenolics and 
tannins would likely occur later than 12 hpi, as Phillips et al. (1987) observed that visible lesion 
formation occurred from 24 – 48 hpi. The study by García-Pineda et al. (2010) showed evidence of 
a delayed hypersensitive response (HR) at 72 hpi in P. cinnamomi- inoculated roots of susceptible 
P. americana Mill var. drymifolia. It could be the case in the current study that an HR has been 
initiated in both ‘Reed’ and ‘Velvick’, but the response is faster in ‘Velvick’ as evidenced by 
significantly longer lesion lengths as cell death and lesion formation are associated with HR (Heath, 
2000). The faster defence response of a resistant versus susceptible P. americana variety is 
consistent with the results of Christie (2012) and Backer et al. (2015). Phytophthora cinnamomi is 
regarded as either a necrotroph or a hemibiotroph (see Section 1.3.4 of this thesis), however there is 
increasing evidence to support its status as a hemibiotroph (García-Pineda et al., 2010, Rangel-
Sánchez et al., 2014, Backer et al., 2015). During the necrotrophic growth phase, it is unclear 
whether the P. americana HR is effective overall in limiting colonisation. Phase two of the plant 
HR involves production of reactive oxygen species (ROS), hydrogen peroxide (H2O2), superoxide 
anions, hydroxyl radicals and nitrous oxide (Delledonne et al., 2001). Guzman-Deara et al. (2013) 
found that exogenous supply of superoxide anion increased P. cinnamomi growth in vitro, 
suggesting that the host HR may be detrimental, but Christie (2012) found that rootstock resistance 
was associated with higher activity of SOD and higher levels of H2O2 after inoculation. Romero-
Correa et al (2014) observed production of phenol-2,4-bis (1,1-dimethylethyl) (PD) in avocado 
roots in response to the elicitor arachidonic acid, and the compound inhibited in vitro production of 
hydrogen peroxide (H2O2) by the pathogen. It is suggested that PD may play an active role in 
defence by regulating production of H2O2, but to an extent the results of Christie (2012) contradict 
this finding.  
 
The work of Phillips et al. (1987) suggests that the disease lesion is composed of necrotic cells, not 
cells that have merely darkened in colour due to callose or lignin deposition. Yet in the current 
study, the lesion margin with healthy tissue was significantly more likely to be discrete rather than 
gradual in inoculated ‘Reed’ tissue compared to ‘Velvick’, indicative of a physiological difference 
in defence response. It may be the case that ‘Velvick’ root lesions are not entirely due to HR-
induced cell death. Further work is required to investigate if this is the case.  
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In the current study, occasionally entire root systems had partially suberised at the time of root 
harvesting. Therefore in these cases it was not possible to measure disease lesion lengths, as the 
margin between diseased and ‘healthy’ tissue was obscured. Likewise, an area of discoloration from 
the root tip was occasionally observed from mock-inoculated control roots. These phenomena 
suggest that root systems experienced a degree of stress, possibly associated with bare-rooting and 
transfer between different potting media. 
 
The observation that a substantial proportion of inoculated roots of both ‘Reed’ and ‘Velvick’ did 
not display a disease lesion suggests that there may have been asymptomatic infection, saprophytic 
growth or no infection (i.e. failed inoculation). A slightly higher proportion of inoculated ‘Reed’ 
roots had no visible disease lesion (21%) compared to ‘Velvick’ (14%), but possible reasons for this 
are difficult to deduce. PCR data (not shown) indicated that P. cinnamomi DNA was detected 
occasionally from inoculated ‘Reed’ and ‘Velvick’ roots with no lesion, while a single positive 
isolation result was found in a ‘Reed’ root with no visible lesion but not ‘Velvick’ (data not shown). 
Positive PCR results may have been due to asymptomatic infection, saprophytic growth or non-
germinated zoospore cysts. During the isolation protocol however, surface sterilisation would have 
rendered P. cinnamomi growing at the root surface unviable; therefore it can be assumed that an 
asymptomatic infection was present for a single ‘Reed’ root with no visible lesion in the 
supplementary inoculation experiment. Previous studies have not reported asymptomatic infection 
of avocado feeder roots with P. cinnamomi, however asymptomatic infection of the same pathogen 
in cork oak (Quercus suber) roots has previously been reported (Jacobs et al., 1997) and 
P. cinnamomi has been shown to asymptomatically infect roots of 10 perennial and annual 
Australian herbaceous species (Crone et al., 2013).    
 
Results of previous studies of the infection process of other pathogenic Phytophthora have 
indicated distinct differences in infection progress between resistant and susceptible plant hosts. 
Unlike the P. cinnamomi/ P. americana interaction, in the Phytophthora sojae/ soybean 
pathosystem, resistance is generally single gene-mediated. Fourteen single resistance (Rps) genes 
have been described (Gordon et al., 2007). In a histological study of infection of P. sojae on 
soybean, Enkerli et al. (1997) found distinct differences between compatible (susceptible) and 
incompatible (resistant) interactions. Incompatible associations were associated with formation of 
wall appositions containing callose, host cell death and an absence of root stele colonisation. 
Timing of host responses was a key difference, as necrotic cells were evident at 4 hpi in the 
incompatible interaction, but in the compatible reaction, cell necrosis was not evident until 10 hpi. 
Visually, the only difference observable between inoculated plants that had incompatible reactions 
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and mock-inoculated control plants was a necrotic ring around the inoculation site. Jing et al. (2015) 
investigated differences in protein expression of soybean inoculated with either a virulent or 
avirulent isolate of P. sojae on soybean seedlings containing the resistance gene Rps1k and found 
that the resistant (incompatible) host reaction was associated with a reactive oxygen species (ROS) 
burst and upregulation of isoflavone biosynthesis and the salicylic acid (SA) pathway.  
In the Phytophthora infestans-potato pathosystem, resistance may be either single-gene mediated or 
quantitative in nature. Quantitative resistance is generally more durable (Rodewald & Trognitz, 
2013). Han et al. (2013) observed histological differences between resistant and susceptible 
Solanum varieties in response to leaf infection. There were no differences in zoospore germination 
and initial hyphal penetration, but at 12 hpi, in susceptible varieties, hyphae had grown rapidly 
inter- and intracellularly, host cell cytoplasm was disrupted and haustoria were present. In resistant 
genotypes, hyphae were generally restricted to the penetration site, cell wall appositions were 
observed but there were no haustoria. Similarly, Oyarzun et al. (2004) observed in an inoculation 
study of P. infestans on susceptible and resistant varieties of Solanum phureja that zoospore 
germination was similar. However, formation of appressoria and hyphal ramification in epidermal 
cells were more frequent in susceptible varieties, and germ tubes were longer on resistant varieties. 
Resistance of Solanum varieties used in the studies of Han et al. (2013) and Oyarzun et al. (2004) 
was quantitative. Also, resistance of avocado rootstocks to root rot caused by P. cinnamomi is likely 
to be under polygenic control (Douhan, 2011).  
 
Future directions for this experiment would be to include histological analysis to observe if the 
longer disease lesions observed in inoculated ‘Velvick’ tissue are associated with effective defence 
responses, for example, the formation of a protective cell layer between infected and healthy root 
tissue. Also of interest is whether there are differences between ‘Velvick’ and ’Reed’ roots in the 
distance ahead of the lesion front where changes in root tissue can be detected, and whether P. 
cinnamomi hyphae are growing inter- or intracellularly. It would also be useful to investigate the 
ultrastructural basis of lesions with distinct margins versus those with a gradual transition in colour 
from necrotic to healthy tissue to determine what the difference means in terms of hypersensitivity 
and histology, as Phillips et al. (1987) did not report presence of a gradual transition from necrotic 
to healthy tissue in inoculated roots of the variety ‘Duke 7’. Another possible area of investigation 
is whether lesion extension and pathogen growth through root tissues cease at a certain time after 
inoculation, and whether this is associated with known field resistance.  
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Chapter 6. Discussion 
 
6.1. Summary and significance of key findings 
The work described in this thesis was undertaken to identify possible mechanisms of resistance of 
avocado rootstock varieties to Phytophthora root rot of avocado caused by Phytophthora 
cinnamomi. In this study, root regenerative ability in the absence and presence of the pathogen was 
investigated across ten seedling varieties, and feeder root growth of mature trees was investigated 
across six rootstock varieties and two field sites. Pathogen colonisation through tip-inoculated roots 
of ‘Reed’ and ‘Velvick’ was also assessed.  
 
Results of the glasshouse root growth study showed that ‘Hass’ produced the most feeder roots 
relative to total mature leaf surface area after repeated root trimming, but ‘Hass’ root system 
necrosis was average and wilting was slightly more severe than the other varieties. Feeder root 
growth of ‘Hass’ trees in the field study under conditions of low disease pressure at Hampton was 
not significantly different to the other rootstock varieties: - susceptible ‘Reed’, moderately resistant 
‘A10’, and resistant ‘Velvick’. Field studies have found that ‘Hass’ performs well under high 
Phytophthora root rot disease pressure (Whiley et al. 2007, Smith et al. 2011). Results of the 
glasshouse root growth assay indicated that the ability to grow more feeder roots may be a 
component of the overall tolerance of ‘Hass’ to Phytophthora root rot, although results of the root 
system necrosis study suggested that disease still occurred and seedlings experienced hydraulic 
stress. 
 
Variety ‘G1’, which has the highest known field resistance, was only available for the first round of 
glasshouse experiments, but had the least roots per leaf area of any variety. The variety had less root 
system necrosis than most other varieties and the least visible wilting after inoculation with 
P. cinnamomi. Although varietal differences were not significant, these results indicated that ‘G1’ 
had low inherent root growth ability, but root systems showed relatively low levels of necrosis after 
exposure to root rot disease and plants were showing a low level of hydraulic stress. These results 
indicate that root regenerative ability is not a component of the resistance of ‘G1’, but it is likely 
that other mechanisms contribute to the resistance of ‘G1’ to Phytophthora root rot.  
 
‘SHSR-04’ is derived from a tree that displayed remarkable tolerance to the disease from an orchard 
near Bundaberg in central Queensland. No significant differences were found between ‘SHSR-04’ 
and ‘Dusa’ in tree health measured between eight and nine-and-a-half years after planting in a site 
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infested with P. cinnamomi and where management practices to reduce Phytophthora root rot are 
not implemented. There was also no significant difference in yield between rootstocks; however a 
previous study by Smith et al. (2011) on the same trees found that ‘SHSR-04’ rootstocks were 
significantly healthier assessed 22 months after planting. This finding may have implications for 
future rootstock selection programmes. ‘Dusa’ has been shown to be more tolerant to Phytophthora 
root rot than ‘Duke 7’ (Roe et al. 1997, Kremer-Kohne and Mukomo 2003, Rose 2003, Smith et al. 
2011). In field studies at Duranbah, no significant differences were observed between ‘Dusa’ and 
‘SHSR-04’ in root growth characteristics.  
 
The performance of rootstock variety ‘A10’ has been variable in previously published rootstock 
selection trials. Both Smith et al. (2011) and Whiley et al. (2007) found that seedling ‘A10’ 
rootstocks performed poorly under high disease pressure, but Whiley et al. (2007) found that clonal 
‘A10’ performed comparatively well. In the current study, overall inherent root growth of seedling 
‘A10’ was average but huge variability in response to trimming treatment was observed. Root 
system necrosis results were variable, with low levels of necrosis in the first experiment, but high 
levels in the second and average wilting in both. In the field study, measured feeder root growth at 
three time points over the 2014-15 season of ‘A10’ trees at Hampton was not significantly different 
to moderately resistant ‘Hass’, susceptible ‘Reed’ or resistant ‘Velvick’. Results of the current study 
support previous findings that ‘A10’ has variable health in the presence of disease caused by 
P. cinnamomi, and results on root regenerative ability are inconclusive. 
 
In the current study ‘Edranol’ had consistently low inherent root growth, but performance in the 
root system necrosis assay was fair. Wilting of inoculated ‘Edranol’ seedlings was highly variable. 
A previous field study by Kremer-Köhne & Duvenhage (1999) used seedling ‘Edranol’ rootstocks 
as susceptible controls and found that the rootstock performed poorly under conditions of 
Phytophthora root rot pressure. Results of the current study indicate that ‘Edranol’ has average 
tolerance to the disease and low root regenerative ability. 
 
‘A10’ x Velvick’ had low levels of inherent root growth in the glasshouse study. Interestingly, these 
values were lower than both ‘Velvick’ and ‘A10’. Performance of ‘A10 x Velvick’ in the root 
necrosis assays was poor to average. In both assays, root system necrosis of ‘A10 x Velvick’ was 
more severe in than ‘Reed’. This broadly supports the findings of Smith et al. (2011), who found 
that ‘A10♀ x Velvick’ and ‘Velvick♀ x A10’ did not have significantly better health than the 
susceptible variety ‘Reed’. In the root system necrosis assays, the degree of visible wilting of ‘A10 
x Velvick’ plants was variable. The parental identities of the ‘A10 x Velvick’ used in the current 
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study are unknown, but results indicate that overall, ‘A10 x Velvick’ has low tolerance to 
Phytophthora root rot and low root regenerative ability.   
 
 ‘Fuerte’ seedlings had low root: shoot ratios but root system health of ‘Fuerte’ was relatively good 
after P. cinnamomi inoculation, although corresponding above-ground symptoms were relatively 
more severe. To the best of the author’s knowledge, ‘Fuerte’ is not used as a rootstock variety. 
Results of the current study indicate that ‘Fuerte’ has low root regenerative ability, fair root system 
health in the presence of P. cinnamomi, but the disease caused high levels of hydraulic stress. 
 
The seedling rootstock variety ‘Kidd’ performed intermediately in the inherent root growth assay, 
however ‘Kidd’ root system necrosis after P. cinnamomi inoculation was consistently low and 
corresponding data showed that ‘Kidd’ also had relatively low levels of hydraulic stress. The study 
by Smith et al. (2011) found that ‘SHSR-02’, a clonal selection derived from high performing 
‘Kidd’, performed significantly better than ‘Reed’, ‘A10♀ x Velvick’ and ‘Velvick♀ x A10’ under 
conditions of high disease pressure. Overall, results of the current study suggest that ‘Kidd’ is a 
resistant rootstock variety, but root regenerative ability does not appear to be a substantial 
component of its resistance.    
 
The field-susceptible variety ‘Reed’ showed high levels of root: shoot growth in the inherent root 
growth assays. Performance in the root necrosis assay was variable, with root systems of ‘Reed’ 
plants having average to low levels of root necrosis, while corresponding wilting ratings were 
average. Smith et al. (2011) observed that ‘Reed’ (seedling rootstock) was consistently susceptible 
in field trials of performance under high Phytophthora root rot pressure. Similarly, Whiley et al. 
(2007) also found that seedling and clonal ‘Reed’ had low health ratings in a replant site in north 
Qld. Rootstock performance is strongly influenced by environmental factors, as the rootstock 
performs well in the sandy soils of Western Australia, where P. cinnamomi is also present (pers. 
comm. Ken Pegg). In the field study at Hampton where there was low disease pressure, measured 
feeder roots of susceptible ‘Reed’ in the field study were not significantly different to moderately 
resistant ‘Hass’ and ‘A10’ or to resistant ‘Velvick’. Glasshouse results indicated that ‘Reed’ plants 
were not consistently susceptible, and root regenerative ability may be high. Possible reasons for the 
discrepancy in root necrosis results could be differences in temperature or seedling maturity. 
 
In the glasshouse studies, ‘Velvick’ had high inherent root growth, average root system necrosis but 
correspondingly low levels of hydraulic stress. In the field study, while feeder root growth of 
‘Velvick’ was not significantly different to less resistant rootstock varieties, ‘Velvick’ had the 
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highest level of stored non-structural starch. The Australian avocado industry is based mostly on 
seedling ‘Velvick’ rootstocks, which usually perform well in soils where Phytophthora root rot is 
present (Whiley et al. 2007, Crane et al. 2013). Kremer-Kohne and Duvenhage (1999) found in a 
replant site in South Africa that clonal ‘Velvick’ performed equally as well as the industry standard 
‘Dusa’. Conversely, Smith et al. (2011) found in a trial with high disease pressure that clonal and 
seedling ‘Velvick’ performed more poorly than ‘Dusa’ and the high-performing local selection 
‘SHSR-04’. Giblin et al. (2005) also found that ‘Velvick’ performed well in conditions of low 
Phytophthora root rot pressure, but poorly when disease conditions were high. Glasshouse results in 
the current study indicated that root regenerative ability may be a component of the resistance of 
‘Velvick’, and in the presence of Phytophthora root rot, despite average levels of root necrosis, the 
degree of visible wilting was low.  
 
In the inoculation study that compared lesion lengths and pathogen growth through tip-inoculated 
‘Reed’ and ‘Velvick’ roots, lesions were significantly longer for inoculated ‘Velvick’ roots than for 
‘Reed’ at 72 hpi and at 96 hpi. This finding supports the results obtained in the root system 
inoculation experiments, where infected ‘Velvick’ root systems were more necrotic than ‘Reed’, but 
visible wilting of inoculated plants was less severe for ‘Velvick’ than for ‘Reed. This indicates that 
while inoculated root systems of ‘Velvick’ appeared visually to be more diseased than ‘Reed’, 
‘Velvick’ hydraulic function was less affected. Isolation data indicated that P. cinnamomi could be 
detected slightly further ahead of the lesion front in ‘Reed’ than ‘Velvick’, although the difference 
was only significant in the initial isolation experiment. Yet, PCR detection results combined with 
lesion length data suggest that relative to the root tip, P. cinnamomi also travelled further along 
inoculated ‘Velvick’ roots than ‘Reed’. These results are interesting because resistance to 
Phytophthora root rot in avocado has been associated with restriction of lesion extension and 
containment of the pathogen (Dolan and Coffey 1986). By contrast, the disease lesion of field-
resistant ‘Velvick’ was significantly longer than susceptible ‘Reed’ and there was no evidence of 
restriction of pathogen growth through ‘Velvick’ tissue. The mechanisms by which ‘Velvick’ is 
able to tolerate low levels of disease are yet to be elucidated. 
 
This is the first study to comprehensively investigate root growth of avocado seedlings and mature 
trees in relation to the presence of P. cinnamomi causing Phytophthora root rot. Results of field 
studies indicated that overall, there was no observed association between known field resistance to 
Phytophthora root rot and surface root growth. While significant rootstock differences were 
observed in certain tree physiology parameters, these differences were also not associated with root 
growth. Results of glasshouse studies indicated that root regenerative ability may be a component of 
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resistance of ‘Hass’ and ‘Velvick’ but the susceptible variety ‘Reed’ also showed high root 
regenerative ability. Results of the necrosis study supported the high known field resistance of 
varieties ‘G1’ and ‘Kidd’, but both were observed to have low root regenerative ability. Restriction 
of pathogen growth through inoculated feeder roots was not observed to be a component of the 
resistance of the resistant variety ‘Velvick’ compared to the susceptible variety ‘Reed’, but necrotic 
lesions formed more rapidly in ‘Velvick’ than ‘Reed’. 
 
6.2. Limitations of the study and future directions 
A major limitation of the glasshouse investigations into root regenerative ability in the presence and 
absence of P. cinnamomi was that seedling plant material was used instead of clones. Plants that 
have been clonally propagated from the same maternal plant are genetically identical whereas 
seedlings are the result of sexual recombination and are genetically variable. The large degree of 
statistical error encountered in glasshouse experiments may be partly explained by the use of 
seedling plant material. Also, due to time constraints, repeated glasshouse experiments took place at 
a different time of year to the first experiments, therefore plants experienced different 
environmental conditions. If the glasshouse component were to be repeated, it is recommended that 
clonal material be used, and for experiments to be performed under standard climatic conditions. A 
possible future direction is to investigate whether there is an association between plant 
photosynthesis after whole root systems are inoculated and root regeneration, as this would 
strengthen the link between observations of increased root regenerative ability and the capacity of 
root rot-resistant varieties to maintain normal plant functions. 
 
Limitations of the fieldwork component of the study were that the same rootstock varieties were not 
available at either field site, and that at Hampton, trees that were not subject to yearly injections 
with phosphorous acid were not available, to determine if a possible interaction was present 
between the conjugate base phosphonate and metalaxyl. Another limitation of the fieldwork 
experimental design was an initial assumption that application of ‘Ridomil Gold’ granules would 
effectively act as a negative control for presence of P. cinnamomi, as the active ingredient 
metalaxyl would inhibit pathogen growth, thereby resulting in a localised area of increased feeder 
root growth relative to sites that did not receive the same treatment. Instead, application of the 
compound had complex and site-specific effects on feeder root growth. It also had site-specific 
effects on mycorrhizal colonisation. As the compound had variable effects on root growth and 
colonisation of beneficial fungi, more study is required on the effect of metalaxyl on feeder root 
growth. A further limitation of the experimental design of the field work was that only surface 
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feeder root growth was measured. It is likely that particularly at Hampton, substantial sub-surface 
feeder root growth was present, as (surface) root growth levels from this site were low in 
comparison to Duranbah. Scraping away soil also showed that feeder roots were present several 
centimetres below the surface. Future field studies of avocado feeder root growth should also 
measure root growth at depth, to acquire more accurate data.      
 
In the inoculation study in Chapter 5, much data had to be excluded due to breakages in roots 
coinciding with lesion margins. Also, suberisation of whole root systems occurred occasionally. 
This indicates that root systems experienced considerable stress during the inoculation procedure. 
For future inoculation studies, development of a less destructive method would be desirable. Also, 
in conjunction with studies of lesion extension and pathogen growth, associated histological 
analysis would provide some insights into possible biochemical and/or structural differences 
between ‘Reed’ and ‘Velvick’ tissue in response to infection with P. cinnamomi. Another key area 
of investigation would be to obtain further evidence about the presence and effectiveness of the 
hypersensitive response (HR), and whether there are differences in the relative strength and timing 
of the HR between rootstock varieties. Of interest also is whether there are differences between 
varieties in of the timing of the transition from biotrophic to necrotrophic growth of the pathogen 
after infection.  
 
The observation that in the root system necrosis assay, ‘Velvick’ root systems were visually more 
necrotic than ‘Reed’, in conjunction with the result of the inoculation study that disease lesions 
were longer in tip-inoculated ‘Velvick’ roots than ‘Reed’, raises important questions about whether 
the extent of visible necrotic symptoms is a useful indicator of field resistance in this pathosystem, 
and whether the necrosis is due to the pathogen killing host cells directly or due to possible varietal 
differences in hypersensitivity.  
 
6.3. Fulfilment of aims 
The aim of the glasshouse chapter was to investigate whether root regenerative ability was a 
component of resistance in seedling avocado varieties. Results indicated that root regenerative 
ability may be a component of the resistance of ‘Velvick’ and ‘Hass’, however the susceptible 
variety ‘Reed’ also had high root regenerative ability, therefore root regenerative ability alone does 
not accurately predict field performance. The main aims of the field studies were to investigate if 
surface feeder root growth and differences in tree physiology parameters were associated with 
resistance. Results of the field study at Duranbah indicated that there were no significant differences 
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in root growth between the resistant varieties ‘Dusa’ and ‘SHSR-04’. Hampton field work also 
indicated that differences in feeder root growth were not associated with known field resistance. 
Some tree physiology differences between rootstock varieties were observed at both field sites, but 
these were also not associated with known field resistance. The aim of the inoculation study in 
Chapter 5 was to investigate whether containment of the disease lesion and restriction of pathogen 
growth was associated with the higher resistance of ‘Velvick’ compared to ‘Reed’. Results showed 
that the disease lesion of tip-inoculated ‘Velvick’ roots was significantly longer than ‘Reed’, and at 
the time points when observation and sampling occurred, there was no evidence that ‘Velvick’ 
tissue was able to effectively restrict pathogen growth.  
 
This is the first study to investigate differences in root regenerative ability as a possible mechanism 
of resistance to Phytophthora root rot, and to examine possible differences in root growth of mature 
trees and tree physiology parameters that may be associated with known field resistance to the 
disease. Also, this is the first study to investigate whether restriction and containment of P. 
cinnamomi is a mechanism of resistance in the Australian industry standard rootstock variety, 
‘Velvick’ compared to susceptible ‘Reed’.  
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Appendix 
 
Altered Megazyme starch protocol 
 
(e) Determination of starch in samples which also contain D-glucose and/or maltodextrins 
(proceding from Step 4 of example (c)) 
  
1. Mill cereal, plant or food product to pass a 0.5 mm screen (freeze drying, followed by cold 
tissue lysing in stainless steel shakers cooled using liquid nitrogen). (If not measuring 
moisture content, re-freeze dry tissue to eliminate moisture). 
2. Add milled sample (100 mg, weighed accurately) to a plastic round-bottomed centrifuge tubes 
with lids (11 mL capacity). Also add 100mg of corn starch to control tubes to be assayed 
simultaneously. 
3. Add 5.0 mL of aqueous ethanol (80 % v/v), and incubate the tube at 80-85 ºC for 5 min. Mix 
the contents on a vortex stirrer and add another 5 mL of 80% v/v aqueous ethanol. 
4. Centrifuge the tube for 10 min at 1800 g (approx 3000 rpm) on a bench centrifuge. Discard 
the supernatant. 
5. Resuspend the pellet in 10 mL of 80 % v/v aqueous ethanol and stir on a vortex mixer. 
Centrifuge as above and carefully pour off the supernatant. 
6. Add a magnetic stirrer bar (3 x 10 mm) and 2 mL of 2M KOH to each tube and re-suspend the 
pellets (and dissolve the resistant starch) by stirring for approx. 20 minutes in an ice/water 
bath over a magnetic stirrer.  
7. Add 8 mL of 1.2 M sodium acetate buffer (pH 3.8) to each tube with stirring on the magnetic 
stirrer. Immediately add 0.1 mL of thermostable α-amylase (Bottle 1) and 0.1 mL of AMG 
(bottle 2), mix well and place the tubes in a water bath at 50°C. 
8. Incubate the tubes for 30 min with intermittent mixing on a vortex mixer.  
9. Centrifuge the tubes at 1800 g (3000 rpm) for 10 min (no dilution). (Dilute after centrifuging 
for corn starch controls or samples above 10% non-structural starch). For these samples, the 
final volume in the tube is approx. 10.4 mL (however, this volume will vary particularly if 
wet samples are analysed, and appropriate allowance for volume should be made in the 
calculations).  
10. (Step 7, Protocol (a)). Transfer duplicate aliquots of the diluted solution to the bottom of glass 
test tubes (plastic Falcon tubes) (16 x 100 mm).  
11. Add 3.0 mL of GOPOD Reagent to each tube (including the D-glucose controls and reagent 
blanks), and incubate the tubes at 50°C for 20 min. 
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12. D-glucose controls consist of 0.1 mL of D-glucose standard solution (1 mg/mL) and 3.0 mL 
of GOPOD reagent. Reagent blank solutions consist of 0.1 mL of water and 3.0 mL of 
GOPOD reagent. 
13. Read the absorbance for each sample, and the D-glucose control at 492 nm against the reagent 
blank.  
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Crude DNA extraction protocol for avocado root sections (based on Xin et al. 2003) 
 
Buffer A: 100 mM NaOH, 2 % Tween 20 
Buffer B: 100 mM Tris-HCl, 2 mM EDTA  
Buffer A must be made up fresh from stock solutions on the day of the crude extraction. 
Procedure 
1. Transfer root tissue (1 mm sections of avocado feeder roots) to 1.5 mL microcentrifuge tube, 
macerate with plastic pestle 
2. Add 20 µL Buffer A. 
3. Incubate @ 95 °C for 5 minutes 
4. Add equal volume Buffer B. 
5. Vortex 
6. Spin down in tabletop centrifuge 
7. Store at -20 °C until use in PCR. Use 1 µL of crude extract in 25 µL PCR reactions, or 
0.8 µL in 20 µL PCR reactions. 
 
